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DISSERTATION ABSTRACT 
 
 
Name   : Muneer AbdulRahman Al-Qadhi 
Dissertation Title : Development and Characterization of Epoxy-Clay  
  Nanocomposites 
Major Field  : Mechanical Engineering 
Date   : May 2012 
 
Epoxy-clay nanocomposites containing different clay types and loadings were fabricated 
using different mixing techniques. The optimum curing conditions for DGEBA epoxy 
cured with IPDA hardener were first determined. In situ polymerization was then 
employed to fabricate nanocomposites using different mixing techniques and their 
combination; high shear mixing (HSM), ultrasonication and hand mixing were explored. 
The effect of high shear mixing speed and mixing time on nanoclay dispersion within 
epoxy matrix was investigated to find the optimum mixing parameters. The morphology 
of the resultant nanocomposites was characterized using optical microscope, DSC, SEM, 
TEM and XRD and the mechanical properties were determined using tensile testing. 
Following the optimization of curing and synthesis parameters the effectiveness of 
nanoclay as a barrier for liquid uptake was studied.  
 
The results showed that optimum curing of DGEBA epoxy was obtained through pre-
curing at 100
o
C and post-curing at 170
o
C for one hour each. The degree of clay 
dispersion was found to improve with increasing high shear mixing speed and mixing 
time with 6000 rpm as the optimum mixing speed and 60 min as the optimum mixing 
time. Analysis of the XRD and TEM results showed that the morphology of the resultant 
nanocomposite was disordered intercalation and exfoliation. Improvement in tensile 
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strength and stiffness of epoxy was observed especially at low clay loading. However 
raising clay loading above 2% decreased the tensile strength due to increase in voids and 
clay aggregates. From the clay types investigated in this work the highest degree of clay 
dispersion was achieved for nanocomposite prepared with I.30E nanoclay. The results 
showed that HSM was more effective in clay dispersion than sonication. Combined HSM 
and sonication did not lead to any improvement in nanocomposites mechanical 
properties. The addition of nanoclay enhanced the barrier properties of epoxy for water 
uptake. The diffusion of water into neat epoxy matrix was found to follow Fikian model, 
however, the diffusion of water within nanocomposites was better simulated using 
Langmuir Model of Diffusion (LMD). Nanoclay addition to epoxy also reduced crude oil 
ingress in the epoxy matrix and crude oil uptake of epoxy and its nanocomposites was 
found to be lower than that of water. 
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 هلخص الرسالة
 
 الاســـــــــــــــــن : هٌير عبدالرحوي هحود القاضى
  طابع ًاًى سيليكاتي اتذ ةإيبىكسي باتهركعٌىاى الرسالـة : تطىير وتىصيف 
 التخصـــــــــص : الهٌدســة الويكاًيكيــة  
 م 2012التخـــرج : هايى  تاريخ
 
بثغ ًبًْ سيليكبرٔ رحزْٓ ػلٔ اًْاع ّكويبد هخزلفخ هي الحشْاد فٔ ُزح الشسبلخ رن رظٌيغ هشكجبد إيجْكسيخ راد ط
الٌبًْطيٌيخ ثإسزخذام رقٌيبد هضج هخزلفخ. ثذأد الشسبلخ ثزحذيذ افضل ظشّف الوؼبلدخ للشارٌح الايجْكسٔ الوسزخذهخ 
 ،طشق خلظ هخزلفخفٔ ُزٍ الذساسخ. ّثؼذ رلك رن رظٌيغ الوشكجبد الايجْكسيخ راد الطبثغ الٌبًْ سيليكبرٔ ثإسزخذام 
ّالخلظ اليذّٓ. رأثيش سشػخ الخلظ ثبلقض الؼبلٔ ّهذح الخلظ ػلٔ دسخخ  ،الخلظ ثبلظْرٌخ ،الخلظ ثبلقض الؼبلٔ
رْصيغ الحشْاد الٌبًْطيٌيخ رن دساسزِب لزحذيذ افضل ظشّف الخلظ. ثٌيخ الوشكجبد الايجْكسيخ الزٔ رن اًزبخِب 
ّالويكشسكْة الالكزشًٔ الؼبثش ّاشؼخ  كشسكْة الالكزشًٔ الوبسحفحظذ ثإسزخذام الويكشسكْة الجظشٓ ّالوي
كوب رن رحذيذ الخظبئض الويكبًيكيخ ثإسزخذام اخزجبس الشذ. ثؼذ رلك رن رحذيذ هذٓ فؼبليخ الحشْاد  ،CSDإكس ّ
 الٌبًْطيٌيخ كحبخض لإػبقخ إهزظبص السْائل. 
 
دسخخ هئْيخ  لوذح  110فٔ ُزا الذساسخ كبًذ ػٌذ  فضل ظشّف الوؼبلح للإيجْكسٔ الوسزخذمأظِشد أى أالٌزبئح 
دسخخ هئْيخ لوذح سبػخ اخشٓ. دسخخ رْصيغ الحشْاد الٌبًْطيٌخ رحسٌذ هغ صيبدح سشػخ ّهذح  170سبػخ ثن ػٌذ 
دّسح فٔ الذقيقخ لوذح سبػخ  1110الخلظ ثإسزخذام القض الؼبلٔ ّافضل دسخخ رْصيغ للحشْاد كبًذ ػٌذ سشػخ 
زحليل ثإسزخذام الويكشسكْة الالكزشًٔ الؼبثشّاشؼخ إكس أظِشد أى دسخخ رْصيغ الحشْاد ّاحذح. ًزبئح ال
الٌبًْطيٌيخ كبًذ هخزلطخ ثيي رشزذ ػبلٔ ّهزْسظ. رن هلاحظخ أى قْح الشذ ّالظلاثخ للوشكجبد الايجْكسيخ رحسٌذ 
فٔ الوئخ  2الٌبًْطيٌيخ اكثش هي ّلكي ػٌذ صيبدح ًسجخ الحشْاد  ،ػٌذ اضبفخ ًسجخ ثسيطخ هي الحشْاد الٌبًْطيٌيخ
فأى قْح الشذ ًقظذ ًزيدخ لضيبدح حدن ّػذد الفدْاد ّالزدوؼبد الطيٌيخ.أسثؼخ اًْاع هي الحشْاد الٌبًْطيٌيخ 
.  E03.Iاسزخذهذ فٔ ُزح الذساسخ ّاظِشد الٌزبئح اى افضل دسخخ رْصع للحشْاد الٌبًْطيٌيخ كبًذ ػٌذ اسزخذام 
كوب اى الخلظ ثبلظْرٌخ ثؼذ الخلظ  ،ثإسزخذام القض الؼبلٔ اكثش فؼبليخ هي الخلظ ثبلظْرٌخالذساسخ اظِشد اى الخلظ 
ثإسزخذام القض الؼبلٔ لن رظِش رحسي فٔ الجٌيخ أّ الخظبئض الويكبًيكيخ للوشكجبد الوظٌؼخ. أظِشد الٌزبئح أى 
كوب  ،ظبص الوبء ّالٌفظ الخبمإضبفخ الحشْاد الٌبًْطيٌيخ حسٌذ خظبئض الوشكت الايجْكسٔ فٔ حدضّاػبقخ اهز
اى كويخ أهزظبص الايجْكسٔ الٌقيخ ّالوشكت الايجْكسٔ رٓ الطبثغ الٌبًْسيليكبرٔ للٌفظ الخبم كبًذ اقل هي كويخ 
ّلكي إًزشبس الوبء فٔ  naikiFاهزظبطِب للوبء. الذساسخ أظِشد اى إًزشبس الوبء فٔ الإيجْكسٔ الٌقيخ يزجغ ًوْرج 
 ).DMLالطبثغ الٌبًْ سيليكبرٔ رن هحبكبرَ ثإسزخذام ًوْرج اكثش رطْسا ( الوشكت الايجْكسٔ رٓ
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CHAPTER ONE 
INTRODUCTION 
 
1.1 Background 
A nanocomposite is defined as a composite material where at least one of the dimensions 
of one of its constituents is on the nanometer size scale, less than 100 nm. The term 
nanocomposite usually implies the combination of two, or more, distinct materials, such 
as a ceramic and a polymer, rather than spontaneously phase-segregated structures. The 
challenge in developing nanocomposites is to find ways to manufacture macroscopic 
components that benefit from the unique physical and mechanical properties of 
nanoparticles within them. Although the term nanocomposite represent a new and 
exciting field in materials science, such materials have actually been used for centuries 
and have always existed in nature (bone, tooth and nacre). However, it is only recently 
that the means to characterize and control structures at the nanoscale level have been 
made available which could be used to investigate and exploit nanocomposites. The 
nanometer-size particles, which are called fillers, are usually dispersed in a softer 
material called matrix [1]. Polymer-clay nanocomposites wherein the nanoclays are the 
reinforcing particles are an example of nanocomposites. 
 
Thermoset polymers have been widely utilized as a matrix for fiber reinforced 
composites for engineering applications. The addition of rigid micro-scale fillers usually 
improve its strength, but decrease the fracture toughness because these fillers act as stress 
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concentrators and initiate cracks, which may grow to the critical crack size causing 
failure. Reinforcing the polymers with nanoparticles, however leads to improve the 
strength of the polymers without sacrificing the fracture toughness, since the size of the 
dispersed nanoparticles are much smaller than the critical crack size. Nowadays, a lot of 
work is being conducted in the polymer-clay nanocomposites since these materials have 
unique nanometer-size dispersion of the layered clay with high aspect ratios, high surface 
areas and high strengths in the polymer matrix; hence nanocomposites generally offer 
improved properties over pristine polymer at very low clay loading. Using nanoclay to 
fabricate nanocomposites has been investigated since the early 1990‟s, and improvements 
in strength, modulus, and fracture strength have been seen for a variety of nanocomposite 
systems.  
 
Over the past 20 years, a significant amount of work has focused on the study of 
polymer-clay nanocomposites. Nevertheless, contradictory results were reported about 
the effect of clay addition on the mechanical and physical properties of polymers. For 
instance, it was reported that the addition of clay into polymers improved the tensile 
strength and modulus of elasticity [2,3], flexural strength [4,5], compressive strength 
[4,6], fracture toughness [7,8] and glass transition temperature (Tg) [9,10]. However; 
other studies reported reduction or no effect in tensile strength [11,12], flexural and 
compressive strength [13], fracture toughness [14,15] nor glass transition temperature, Tg 
[16,17] with the clay addition.  
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The improvement in the properties of polymers as a result of clay addition depend on the 
type of polymer and clay to start with [18,19], clay concentration [20] and mainly on the 
mixing techniques that are used to disperse the clay into polymers [21,22]. In fact the 
polymer nanocomposites properties are highly dependent on the resultant morphology, 
based on the materials to start with and mixing method, two types of morphology for 
polymer-clay nanocomposites can be distinguished: intercalated or exfoliated form. The 
enhancement in the properties depends mainly on the degree of clay dispersion within 
polymer matrix [21,23,24]. Generally, exfoliated structures are reported to have better 
properties than the intercalated ones of the same particles concentration [20,25]. 
Exfoliated morphology of the polymer-clay nanocomposite yields the maximum 
improvement in properties because maximum reinforcement is achieved [26,27].  
 
Epoxy resin is one of the most applied thermoset polymers as a matrix for Glass Fiber 
Reinforced Pipes (GFRP) and anticorrosion coatings. Epoxy resins have an attractive 
combination of stiffness, strength, high heat distortion temperature, creep resistance, 
thermal and environmental stability. However, the mechanical and thermal properties of 
epoxy in advanced composites are strongly affected by water uptake that degrades the 
functional, structural and mechanical properties of the composites [28,29]. In fact, water 
laden atmospheres have been regarded as the most damaging environments which 
polymeric materials can encounter. Absorbed water acts as an efficient plasticizer for 
cured epoxy systems; as a consequence, the Tg‟s of the systems are greatly reduced. As a 
general rule in most epoxy resin systems, the Tg is reduced by 20
o
C for each 1 % 
moisture [30,31]. Therefore an ability to minimize the extent to which water is absorbed 
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can be a major advantage and applications in which contact with water or moist 
environments could clearly benefit from materials introducing this advantage. 
 
One method to improve the barrier properties of the epoxy resins is to reinforce the epoxy 
with layered silicate nanoclay. Layered silicate nanoclays are one of the ideal 
reinforcement for polymers due to their high aspect ratio and low cost [32].  Studies have 
shown that water diffusivity decreased with increasing the clay content. The permeability 
performance of nanocomposite normally depends on the clay content, aspect ratio and 
degree of dispersion of silicate layers. Water transport in polymer structures is related to 
the existence of molecule-size holes and the affinity between polar groups of polymers 
and water [33]. Some polymers such as epoxy are known to be hydrophilic and the 
addition of nanoclays to polymer decreases the water absorption of the polymer. Previous 
studies reported that the rate of water absorption in polymer-clay nanocomposites was 
reduced by 40% [34,35] as compared to neat polymer. Others [36] observed a dramatic 
decrease (up to 80%) of water permeability in a poly (e-caprolactone) layered silicate 
nanocomposite with only 5 vol% of clay. However, Manfredi et al. [37] showed that the 
addition of clay led to increase the maximum water uptake of glass-fibre reinforced 
epoxy. 
 
The problem of water uptake by epoxy-clay nanocomposites has not yet been resolved 
and contradictory results concerning improvements in this area have been reported. 
Furthermore, to the author's knowledge no research has yet been carried out on 
developing nanoclay filled epoxy resin for desalination and crude oil transport piping. 
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This PhD research work reports development of an epoxy-clay nanocomposite that can be 
used for manufacturing GFRP pipes for application in water and crude oil transport. It 
will concentrate on finding the appropriate filler loading, optimum curing conditions, and 
optimum mixing parameters using both high shear mixing techniques and sonication. 
 
1.2 Objectives  
The overall objective of the proposed work is to develop an epoxy-clay nanocomposite 
that can be used as the matrix materials for manufacturing GFRP pipes for water 
transportation and crude oil production and transportation. The different parameters 
affecting the degree of dispersion are studied and optimized such that water and crude oil 
uptakes are minimized while improving or maintaining tensile properties of the 
nanocomposite. The applicability of available diffusion models for water in epoxy and 
nanocomposites is studied. The developed nanocomposite helps make better and more 
economical GFRE pipes and pipefittings as well as pipe coatings. The specific objectives 
of this research are: 
 
1. To develop epoxy-clay nanocomposites that minimize the water and crude oil 
uptake while improving or maintaining the mechanical properties of the 
nanocomposites. 
2. To determine the curing parameters (pre-curing and post-curing temperature and 
duration) that lead to optimum curing condition (optimum glass transition 
temperature).  
 6 
3. To investigate various nanoclay dispersion technique parameters which affect the 
nanoclay dispersion (mixing time, mixing speed) and determine the parameters 
setting that lead to optimum degree of nanoclay dispersion. 
4. To determine the optimum nanoclay loading that leads to a decrease in the degree 
of water uptake and crude oil ingress while maintain or improve the mechanical 
properties of epoxy-clay nanocomposites. 
 
1.3 Motivation and Justification  
There are a number of major GFRE pipe manufacturing companies in Saudi Arabia (such 
as Amiantitt-Bondstrand and Future Pipe) which manufacture large quantities of epoxy 
based GFRP pipes and fittings used in crude oil, water and seawater transportation. These 
pipe manufacturers use large quantity of epoxy resin to produce GFRE pipes. Other 
companies, such as Al-Qahtani Pipe Coating use large quantities of epoxy for fusion 
bonded internal and external steel pipe coatings. Fiber-glass reinforced epoxy pipes are 
replacing metal pipes for water and oil handlings in the Kingdom of Saudi Arabia. 
However, the low strength and high water uptake of epoxy and are major problems that 
need to be advanced to expand the use of GFRP pipes in the above mentioned 
applications. Studies show that the mechanical properties of the epoxy are reduced as a 
result of water uptake.    
 
As reported above, substantial amount of research has been undertaken to improve the 
mechanical properties (strength, fracture toughness, hardness and modulus of elasticity) 
of epoxy by adding nanoclays. However, only a small number of researchers have 
 7 
concentrated on investigating the effect of nanoclay addition on the water uptake and thus 
far no one has reported any work related to the effect of nanoclay addition on crude oil 
ingress. There are contradictory results about the effect of nanoclays addition on strength, 
fracture toughness and water uptake of epoxy. The present work was initiated to seek an 
optimum process and nanoclay loading to minimize the water and crude oil uptake of 
epoxy while improving or maintaining its mechanical properties.  
 
The outcome of this work would be of importance to industries producing fiber glass 
reinforced epoxy (FGRE) pipes within the Kingdom of Saudi Arabia. The relatively low 
cost of clay and its availability makes this work also economically feasible. The 
nanocomposite will give local designers working in pipe industries greater flexibility in 
making pipes. It is believed that the development of such nanocomposite and the 
possibility of furthering its production at the industrial level will help existing and future 
Saudi industries compete on the worldwide market. 
 
1.4 Research Methodology 
The approach to achieve the above stated objectives consists of five main tasks; namely: 
(1) literature review, (2) development of epoxy-clay nanocomposites, (3) exposure to 
water and crude oil, (4) structure characterization and (5) determination of the 
mechanical properties. The details of these tasks are briefly described in the following 
sections. 
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1.4.1 Overall Literature Review 
In this task, literature review was carried out to review the previous research work about 
epoxy-clay nanocomposites. The literature review concentrated on the mixing techniques 
that were used to disperse the nanoclay into the epoxy matrix and the types of epoxy and 
nanoclay used. It also focused on the characterization techniques used to investigate the 
micro and nano-structure of the epoxy-clay nanocomposites as well as the tests used to 
determine the mechanical properties. Chapter two was devoted for the literature review 
which provides the guidelines and techniques that help in achieving the objectives of this 
study. 
 
1.4.2 Development of Epoxy-Clay Nanocomposites 
Epoxy-clay nanocomposites were developed in advanced materials science laboratory 
(AMS Lab) in the Mechanical Engineering Department. Two methods were used to 
disperse the nanoclay into the epoxy; namely: the high shear mixing method using Model 
L4RT Mixer and sonication using SONICS VC33 ultrasonicator. In high shear mixing 
different shearing speeds and mixing time were used and the effect of speed and time on 
the degree of nanoclay dispersion has been assessed. To determine the clay loading that 
lead to optimum improvement in the nanocomposite properties, clay loading of 1, 2, 3.5, 
5 and 10 wt.% were examined. Different types of nanoclays were then used to fabricate 
epoxy-clay nanocomposites and effect of clay types on the properties of the resultant 
nanocomposites has been investigated. The development of the epoxy-clay 
nanocomposite starts with determining the proper curing parameters that produce the 
optimum degree of curing in short time.  
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1.4.3 Exposure to Water and Crude Oil. 
To determine the effect of nanoclay addition on water uptake and crude oil ingress, neat 
epoxy and epoxy-clay nanocomposites were immersed in water and in crude oil for 
different periods of time (up to saturation). The change in weight of the sample with time 
was measured and recorded periodically. The exposure to water and measurement of 
absorption was performed according to ASTM D 570 standards [38]. 
  
1.4.4 Characterization 
Proper material characterization is crucial to any materials research effort. The most 
important morphological feature of the system is the level of the layered silicate 
dispersion. For this purpose, Differential Scanning Calorimeter (DSC), X-ray diffraction 
(XRD), optical microscope, scanning electron microscope (SEM) and transmission 
electron microscope (TEM) have been used for structure and morphological 
characterization.  
 
DSC was used to determine the glass transition temperature of neat epoxy and 
nanocomposites before and after water and crude oil exposure. DSC has become a 
preferred technique for rapid determination of glass transition temperature (Tg). These 
measurements were used to determine the degree of curing and the effect of nanoclay 
loading on Tg. Optical microscope and SEM have been used to determine the degree of 
clay distribution. The XRD analyzer and TEM were used to investigate the 
nanocomposite structures. The Scanning Electron Microscope was also used to analyse 
the fracture surfaces of the nanocomposites.  
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1.4.5 Determining Mechanical Properties 
Tensile tests of neat epoxy and nanocomposites were performed using the Instron testing 
machines available in the materials science laboratory. Tensile specimens have been 
prepared following the ASTM D638 standard for tensile testing of polymers [38]. Type V 
was used since the specimens dimensions of this type can be developed from the 
specimens of the water and crude oil exposure tests. 
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CHAPTER TWO 
LITERATURE REVIEW 
 
2.1 Introduction 
Since the first discovery by Toyota researchers on the ability to dramatically enhance the 
properties of polymeric materials using nanoclays [39], a lot of studies have been 
conducted on the use of nanoclays to improve mechanical and physical properties of 
different types of polymers. Recently, the polymer-clay nanocomposites have attracted 
considerable attention because this kind of materials has layered structure and offer new 
and greatly improved properties over pristine polymer.  Nanocomposites have the 
potential for applications in a number of industries such as renewable energy, 
desalination, electronic, automotive and aerospace industries. Using nanoparticles to 
create nanocomposites has been investigated since the early 1990‟s, and improvements in 
strength, modulus, fracture strength and reduction in moisture absorption of polymers 
have been seen for a variety of nanocomposite systems. 
 
The final morphology and behaviors of the resultant nanocomposites depends on number 
of factors. The degree of clay dispersion is considered to be the major controlling factor 
on the improvement observed in the properties of polymer-clay nanocomposites [23,24]. 
Exfoliation and intercalation are the technical terms to describe the state of nanoclay 
dispersion in polymers. Thus, the modifications in the properties of polymers in general 
and epoxy in particular, are almost always a function of the manner and level of 
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dispersion of the clay phase in the epoxy matrix. The level of exfoliation/interaction that 
can be achieved depends on the technique used to disperse the clay into polymer matrix. 
Therefore, it is important to investigate the effect of processing parameters on the final 
morphology and the properties of epoxy-clay nanocomposites. With the understanding of 
parameters involved in a particular processing method and the way they control the 
morphology and property of the nanocomposite, nanocomposites of predetermined 
structure and feature can be prepared. The review that follows sieves through some of the 
research activities in the area of polymer-clay nanocomposites with emphasizes on the 
work done on the subject of epoxy-clay nanocomposites. 
 
A number of nano-clay fillers and mixing techniques are being used to improve physical, 
chemical and mechanical properties of epoxy resin. The nanoparticles used provide 
improved interfacial surface area and smaller interparticle distances, which are believed 
to contribute to improved properties. The most common fillers used with epoxy resins are 
the modified montmorillonite clays. Filling amounts range from 1% to 10% in most of 
the research works.  
 
2.2 Intercalated and Exfoliated Nanocomposites 
The main difficulty during processing of polymer-clay nanocomposites is the effective 
dispersion of the nanoclay. Without proper dispersion and distribution of the nanoclay, 
the advantage from high surface area of these clay particles is compromised and when 
they aggregate can act as defects. The agglomeration of clay particles will be locations of 
high stress concentration. Distribution of nanoclays describes the homogeneity 
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throughout the sample, and the dispersion describes the level of clay layers dispersion 
and agglomeration in the resultant nanocomposites. According to the processing steps, 
the polymer-clay nanocomposite has two types of morphology, i.e., intercalated or 
exfoliated form as shown in Figure 2.1. In the intercalated form, matrix polymer 
molecules are introduced between the ordered layers of clay resulting in an increase in 
the interlayer spacing. In the exfoliated form, clay layers are separated and distributed 
within the matrix. If the basal spacing between clay layers doesn't increase during mixing 
with polymer and no polymer molecules were introduced between the ordered layers of 
clay then the resulting composites are conventional composites. The improvement in 
properties dependent on a number of factors including the degree of exfoliation, the types 
of clay and epoxy utilized to synthesized nanocomposites. The degree of exfoliation 
depends mainly on the processing technique used to disperse the nanoclay into epoxy.   
 
 
Figure 2.1.  Scheme of different structures of composites arising from the intercalation of 
layered silicates and polymers: A) phase separated microcomposite, B) intercalated 
nanocomposite and C) exfoliated nanocomposite [40]. 
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2.3 Processing of Epoxy-Clay Nanocomposite 
There are three general ways of dispersing nanoclays in polymers. The first is direct 
mixing of the polymer and nanoclay either as discrete phases or in solution. This 
technique is proper only for those polymers that melt with increasing temperature, such 
as thermoplastic polymers. The second is in-situ polymerization in the presence of the 
nanoclays. In this method, nanoclays are dispersed in the monomer or monomer solution, 
and the resulting mixture is polymerized by standard polymerization methods. A 
fortunate aspect of this method is the potential to graft the polymer onto the particle 
surface. This technique is the one usually used for processing epoxy-clay 
nanocomposites. The third technique is both in-situ formation of the nanoparticles and in-
situ polymerization, which are used to fabricate hybrid nanocomposites because of 
intimate mixing of the two phases.  
 
Using the in-situ polymerization method, a number of processing techniques are being 
employed to disperse the nanoclay in the epoxy matrix, namely; ultrasonication, high 
shear mixing, simple mechanical mixing, high pressure mixing and slurry-compounding 
mixing. Hussain et al. and Pavlidou and Papaspyrides [41,42] have provided an excellent 
review of most of the processing techniques used in polymer-clay nanocomposites. The 
following sections review the previous works conducted using different processing 
techniques that use the in-situ polymerization methods to disperse the nanoclay in epoxy 
matrix with concentration on ultrasonication and high pressure mixing.  
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2.3.1 Ultrasonication Mixing Method 
Dispersing the nanoclay in the epoxy using sonic vibration technique is the most common 
method employed by the majority of the researchers for developing epoxy-clay 
nanocomposites. The ultrasonication is usually used after mixing the nanoclays with 
epoxy by either mechanical or hand mixing to improve the degree of exfoliation in 
nanocomposites. It is a form of sonic vibration that provides energy for the nanoclay 
platelets at ultrahigh frequencies to escape from the surrounding restraining electrostatic 
force between the clay platelets. During ultrasonication, pressure waves with high 
pressure and temperature are created in the processed media by the ultrasonicator probe. 
These waves expand through processed media which lead to increase the interplaner 
spacing between layers.  
 
Bagherzadeh and Mahdavi [43] employed ultrasonication technique to synthesize 
nanocomposite using cloisite 30B nanoclay as reinforcement into diglycidyl ether of 
bisphenol (DGEBA) epoxy. The authors prepared three samples containing different 
amounts of clay (1, 3, and 5 wt.%) using 10 hours of sonication. The X-ray diffraction 
(XRD) illustrated that the basal spacing was increased from 1.8 nm for powder clay to 4 
nm for the epoxy-clay nanocomposite. This increase of the interlayer spacing of clay 
platelets indicates that the epoxy resin diffused into the galleries between the layers of 
clays and the morphology of the resultant nanocomposites were intercalation. 
 
It has been found that, the degree of clay dispersion depends on the sonication time and 
hence number of studies have been carried out to investigate the effect of sonication time. 
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Wang and Qin [44] studied the effect of ultrasonication time on the thermal and 
mechanical properties of epoxy-clay nanocomposites. The epoxy and clay used in their 
study was bisphenol A diglycidyl ether (D.E.R.332) and Nanomer I.30E, respectively. 
The interlayer spacings were found to be increased further with the increase in the 
duration of ultrasonication as indicated from XRD results. The authors found that the 
thermal decomposition temperature of the nanocomposite could be improved by the 
elongation of the stirring time. However, both the glass transition temperature and the 
storage moduli of the composites decreased with increasing ultrasonication time. 
 
Adinoyi et al. [45] studied the effect of sonication time on the degree of clay dispersion 
of epoxy-clay nanocomposites. The epoxy and nanoclay employed in their study were 
Araldite GY6010 and Nanomer I.30E. Nanocomposites containing different clay loading 
have been prepared (2, 4 & 5 wt.%) the range of sonication time explored was from 5 to 
60 minutes. The authors found that increasing the sonication time led to improve the 
degree of clay dispersion and the d-spacing between clay layers in the nanocomposites 
were increased with sonication time, especially for the 2% of clay loading were the 
highest d-spacing was for the nanocomposite sonicated for 30 minutes. Using DSC they 
found that the glass transition temperature (Tg) of the epoxy decreased due to clay 
addition and the effect of sonication time on Tg was small.  
 
Lam et al. [46] examined the effect of ultrasonication on the dispersion of Nanolin DK1 
clay into Araldite GY251 epoxy. The effect of sonication time on the micro-hardness of 
nanocomposites has been studied. A maximum micro-hardness value of 12.05 Hv was 
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reported at 10 min sonication time, however above 10 minutes the micro-hardness value 
went down to 7.09 Hv at 60 min. It was explained that the enhanced hardness at 10 
minutes was due to increase in the surface area interaction of the clay with the resin. 
SEM images of nanocomposites at varied sonication times indicated a decrease in the 
cluster size of clay with increasing sonication duration. They observed from the SEM and 
XRD results that no enhancement in the degree of exfoliation with increasing sonication 
time.  
 
2.3.2 High Shear Mixing Method 
The use of high shear mixing technique to disperse nanoclays in epoxy is recently 
receiving high concentration to improve the degree of clay dispersion in nanocomposites. 
The high shear force induced during mixing decreases the size of the nanoclay particles 
by splitting the particles and increases the interlayer spacing in the clay particles by 
forcing the epoxy monomer into the galleries between the clay layers. Different process 
techniques have been employed to induce the high shear force during mixing.  
 
Kim et al. [47] used three roll mills to induce the high shear mixing. The epoxy used in 
their study was modified bisphenol-A type epoxy resin cured with polyetheramine 
hardener and the nanoclay used was C93A.  The epoxy and nanoclay were first mixed at 
60
o
C with a magnetic stirrer for 60 min and then added batch-wise to the three roll mill 
for high shear mixing. The collected suspension was put into the roll mill repeatedly until 
uniform dispersion was achieved; five times was required to achieve uniform dispersion. 
Finally, the dispersed suspension was mixed with the hardener in vacuum using a 
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magnetic stirrer for 30 min and cured for 2 h at 125
o
C. The authors found that the fracture 
toughness gradually increased with raising the nanoclay loading up to 1.5 wt% and 
saturated beyond that, as shown in Figure 2.2. As illustrated in the figure, the fracture 
toughness was improved by 46% when the nanoclay content was 1.5 wt%. The authors 
related the saturation in the fracture toughness to the decrease in the d-spacing and 
increase of clay agglomeration with increasing nanoclay loading above 1.5 wt.%.  
 
 
Figure 2.2. Effect of nanoclay particles on fracture toughness [47]. 
 
The three roll mill technique has been also used by Yasmin et al [48] to disperse the clay 
nanoparticles in an epoxy matrix. They used Cloisite 30B nanoclay to reinforce DGEBA 
epoxy (GY6010). The XRD and transmission electron microscopy (TEM) images 
showed homogenous dispersion of nanoclays throughout the nanocomposites with an 
average basal spacing higher than 5 nm as shown in Figure 2.3. The authors also 
observed that the processing of nanocomposite by shear mixing reduces the initial aspect 
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ratio of clay platelets from 200–1000 to 90–120, which was attributed to the break of clay 
platelet during the milling process. This reduction in the aspect ratio decreases the 
effectiveness of the nanoclays to reinforce the epoxy. The study showed that the modulus 
of elasticity was enhanced due to nanoclay addition and a maximum of 80 % 
improvement was observed for an addition of 10% of clay. Unlike the elastic modulus, 
the authors found that the nanoclay addition decreased the tensile strength of the 
nanocomposites for all clay loading. This negative effect was attributed to the presence of 
nanovoids that resulted from the mixing process. The authors proved that a higher tensile 
strength can be achieved with improving the degassing process. 
 
 
Figure 2.3. TEM images of clay nanocomposites at high magnification (5 wt.%) [48]. 
 
Velmurugan and Mohan [49] utilized electric shear mixer which rotates at 1000 rpm to 
disperse Garamite R-1958 nanoclay into Araldite LY556 epoxy matrix. Nanocomposites 
containing different amount of clay loading were fabricated (1, 3, 5 and 10 wt.%). Using 
the XRD the authors claimed that the resultant morphology structure was fully exfoliated 
or intercalated structure with a basal spacing of more than 7 nm. They showed that the 
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modulus of elasticity for the nanocomposites was enhanced by more than 200 % over the 
neat epoxy. Similar to the results reported by Yasmin et al. [48] the tensile strength 
decreased with the addition of nanoclay. This decrease in the tensile strength was also 
attributed to the presence of voids in the nanocomposites that caused premature failure 
during tensile testing. 
 
Zunjarrao et al. [5] prepared nanocomposites using both the high shear mixing method 
and the ultrasonication method to investigate the effect of processing methods on the 
properties of the nanocomposites. The epoxy and nanoclay used were DGEBF and 
Nanomer I.30E, respectively. The authors synthesized a number of nanocomposites that 
contained different amounts of nanoclay ranging from 0.5 to 6 % in volume fraction. 
Using XRD, they claimed that the resultant morphologies of all fabricated 
nanocomposites were exfoliated structure except one with 4 % clay that was synthesized 
using ultrasonication. The variation of fracture toughness with the clay volume fraction 
for the nanocomposites synthesized by high shear mixing and ultrasonication are shown 
in Figure 2.4. As can be seen in the figure, the fracture toughness was improved with 
increasing the clay loading up to 2 % volume fraction, beyond that the fracture toughness 
started to decline.  As shown in the figure, the nanocomposites prepared by high shear 
mixing exhibited better fracture toughness as compared to those processed by 
ultrasonication. Similar to Kim et al. [47] they attributed the reduction of fracture 
toughness after 2 % to the agglomeration of nanoclay when increasing the volume 
fraction of clay.  
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Figure 2.4. Variation of fracture toughness with volume fraction of clay for 
nanocomposites fabricated using high shear mixing and ultrasonication [5]. 
 
2.3.3 Other Mixing Methods 
Qi, et al. [50] used mechanical stirrer at 300 rpm for 2 h to investigate the effect of 
nanoclay addition on the mechanical properties of DGEBA epoxy. The authors used 
unmodified montmorillonite (MMT-Na
+
) and three modified clay types, namely: Cloisite 
30B, Nanomer I.30E and MMT-cetylpyridinium chloride (CPC), to produce different 
nanocomposites. Three nanocomposites with different loadings of nanoclay (2, 5 and 10 
wt.%) were prepared for each type of clay. The results showed that, increasing the clay 
content tended to improve the elastic modulus and fracture toughness while reducing the 
tensile strength and failure strains. Unexpectedly, the study indicated that, the 
improvement in modulus of elasticity and fracture toughness when using unmodified 
montmorillonite clays were similar to that obtained using the modified montmorillonite 
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clays. This outcome is in contradict with other works in which modified clay was shown 
to give a higher value of mechanical properties [23,51]. The reduction in the tensile 
strength and fracture strain in the nanocomposites were attributed to inhomogeneous 
distribution of nanoclay, low degree of exfoliation and the presence of voids and 
agglomerates in the nanocomposites morphology.  
 
Weiping Liu et al. [21,32] introduced a new mixing technique which called high pressure 
mixing (HPM). They used DDS hardener to cure a tetra-functional epoxy resin 
(TGDDM) and the nanoclay used was Nanomer I.30E. For the purpose of comparison, 
the authors performed the mixing process using two methods: HPM and ultrasonication. 
The XRD results showed that the basal spacing of organoclay particles in the 
nanocomposites synthesized with the ultrasonication method was increased, but on the 
micro-scale it was found that the organoclay was aggregated in the epoxy resin as shown 
in Figure 2.5(a). When using HPM method the size of clay clusters greatly decreased and 
distribution of organoclay in the epoxy system was improved as elucidated in Figure 
2.5(b). The authors [21] found that the fracture toughness of the nanocomposites 
developed using HPM increased linearly with clay loading up to 3 wt.% then tended to 
saturation after that. The addition of 3 % nanoclay resulted in 100% improvement in 
fracture toughness for nanocomposite prepared with HPM while it was only 30% when 
using the ultrasonication.  
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Figure 2.5. Optical micrographs of nanocomposites made by (a) sonication (b) HPM [21]. 
 
Wang et al. [52] introduced a new mixing technique called slurry-compounding mixing 
because the dispersion and exfoliation of clay were accomplished in the presence of 
solvents. The DGEBA epoxy was used to fabricate the nanocomposites with two kinds of 
nanoclays, C93A and the sodium montmorillonite (PGW) nanoclays. For comparison, the 
authors fabricated another nanocomposite using mechanical stirrer at a rotation speed of 
800 rpm. The authors found that the fracture toughness for the nanocomposites prepared 
using slurry-compounding mixing was higher than that for the pure epoxy and that 
prepared using the mechanical mixing as shown in Figure 2.6. Using TEM, they found 
that using slurry-compounding, nanoclay was exfoliated into thin tactoids containing a 
few layers, which dispersed uniformly in the epoxy matrix. The authors found that the 
major toughening mechanism in the nanocomposites was the formation of a large number 
of microcracks resulting in each deflection. They found that while the modulus of 
elasticity increased with increasing nanoclay content, the tensile strength decreased. 
 
a  b 
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Figure 2.6. Variation of fracture toughness with clay loading of nanocomposites prepared 
by slurry-compounding (epoxy/S-clays) and mechanical mixing (epoxy/93A) [52]. 
 
Saeed et al. [19] employed centrifugal mixing which involves the use of high angular 
velocity to introduce inertial forces that will generate the shear force required to disperse 
nanoclays into Araldite K3600 kit epoxy. Four types of Cloisite based montmorillonite 
clays were used to synthesize nanocomposites. The TEM micrographs illustrated that 
nanocomposites prepared using centrifuge technique exhibits some intercalation and 
exfoliation, while samples fabricated by hand-mixing showed agglomerate clays whose 
layers have only slightly intercalated. The authors used four speeds (1200, 1500, 3000 
and 4500 rpm) to study the effect of the rotor speed on the properties of the resultant 
nanocomposites. The slower speeds were found to be the best, while the higher speeds 
caused deterioration in the properties with the critical speed being around 3000 rpm. The 
study showed that both the modulus of elasticity and the tensile strength were increased 
with increasing clay volume. They found that the improvement in properties depends on 
the type of clay used to prepare the nanocomposite. 
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Zainuddin et al. [10] developed nanocomposites to study the effect of I.28E nanoclay 
addition on the mechanical and thermal properties of SC-15 epoxy resin system. 
Nanoclay was mixed after preheated with the epoxy resin using a magnetic stirrer for 5 h. 
During mixing a stir bar rotated (and thus stirred) synchronous causing fast motion of the 
solution due to vortex effect and thus dispersed the nanoparticles uniformly. The XRD 
and TEM analysis showed that for nanocomposite with 2% clay, the interplaner spacing 
was increased indicating mixed exfoliated and intercalated structure. The degree of 
exfoliation was however reduced with increasing clay loading beyond 2%. Using 
dynamic mechanical analysis (DMA) the authors found that the storage modulus was 
increased with increasing nanoclay loading up to 2 wt. % where the improvement in the 
storage modulus was 33.6 % compared with neat epoxy. The results showed an increase 
in the glass transition temperature due to nanoclay addition.  
 
2.4. Characterization of Epoxy-Clay Nanocomposites  
Materials in the nanometer scale have been studied over many years and many physical, 
mechanical and chemical properties related to the nanometer size have been investigated 
as reported in the above sections. One of the critical challenges faced currently by 
researchers in the nanotechnology and nanoscience fields is the lack of instruments to 
observe, measure and manipulate the materials at the nanometer level. It is well known 
that the degree of dispersion of nanoclays in the resin is the factor that determines the 
improvement in properties. Therefore, proper characterization tools are crucial for 
understanding the basic physical and chemical properties of polymer-clay 
nanocomposites. Various techniques for characterization have been used extensively in 
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polymer nanocomposite research [23,41,42]. In the following sections, various structural 
characterization methods are discussed.  
 
2.4.1 X-Ray Diffraction  
The X-ray diffraction (XRD) is used to determine the interplaner spacing (d-spacing) 
between clays using Bragg's law and hence the type of morphology structure. Most 
researchers in the field have used X-ray diffraction as a mean to characterize clay 
dispersion [43-46,48-54]. Due to its easiness and availability, this technique is commonly 
used to study the nanocomposite structures. However, the XRD can only detect the 
periodically stacked montmorillonite layers; disordered or exfoliated layers can not be 
detected. Therefore, only the intercalated structures where individual silicate layers are 
separated by less than 7 nm, give a peak in XRD while no peak appears in the disordered 
or exfoliated structures [48]. There are two types of scattering techniques explained in the 
literatures. Small angle X-ray scattering (SAXS) which measures scattering intensity at 
scattering angles 2θ, which is called the diffraction angle, in the range of 0o to 5o. Wide 
angle X-ray diffraction (WAXD) is a technique measuring large scattering angles range. 
Most clays have typical peaks anywhere in the scattering angles range of 3
o
 to 5
o
 [53]. 
Typical range of diffraction angles for scanning polymer-clay nanocomposites is between 
2
 o
 and 10
 o
. 
 
Ngo et al. [55] utilized XRD with diffraction angle in the range of 2
o
 to 10
o
, to determine 
the interlayer spacings (d-spacing) of C30B clay powder and nanocomposites. The XRD 
analysis showed that the C30B clay powder has one peak at 4.8
o
 which was related to d-
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spacing of 1.85 nm, whereas, for the nanocomposites the peaks were at about 2.3
o
 
corresponding to d-spacing of 3.8 nm revealing that the morphology of the resultant 
nanocomposites was intercalated.  
 
Thelakkandan et al. [56] employed XRD to examine the morphology of the 
nanocomposites prepared by dispersing C30B clay into DER 332 epoxy matrix. The 
XRD results showed that for the clay powder the peak was at about 4.8
o
, however, no 
peak was apparent for nanocomposites containing less than 4% clay loading and for 
nanocomposites containing 5 and 10% of clay the peaks were shifted to the left indicating 
an increase in the d-spacings, as shown in Figure 2.7. As a result of peak absence for the 
nanocomposites containing low clay loading, the authors claimed that the clay layers 
were mostly delaminated forming an exfoliated morphology.  
 
 
Figure 2.7. X-ray diffraction curves of C30B and nanocomposites containing different 
percent of clay loading [56]. 
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2.4.2 Scanning Electron Microscopy 
Scanning electron microscopy (SEM) is a very useful technique in the characterization of 
polymer-clay nanocomposites. It is used to investigate the degree of clay dispersion and 
analyzing the fracture surface of nanocomposites. SEM creates magnified images by 
using electrons instead of light waves. SEM can produce very high-resolution images of a 
sample surface, revealing details that are less than 5 nm in size.  Due to the very narrow 
electron beam, SEM micrographs have a large depth of field yielding a characteristic 
three-dimensional appearance useful for understanding the surface structure of a sample. 
Magnifications ranging from 10 to more than 50,000 times are possible using the SEM 
[57]. As mentioned above, many of the researchers who are working in polymer-clay 
nanocomposites area use the scanning electron microscopy to scan the fracture surface of 
the nanocomposites [46,50,52]. Brunner et al. [58] used SEM to examine the fracture 
surfaces of neat epoxy and epoxy-clay nanocomposites. Figure 2.8 shows selected SEM 
images of fracture surfaces of neat epoxy and nanocomposites that have been synthesized 
in their work. The neat epoxy showed comparatively smooth and featureless surfaces at 
all magnifications. The nanocomposites, on the other hand, showed a platelet-type, fairly 
corrugated surface even at low magnifications. 
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Figure 2.8. Selected SEM-images of the fracture surfaces of neat epoxy (left), and 
nanocomposites (right) at increasing magnification (top to bottom) [58]. 
 
Wang et al. [59] utilized the scanning electron microscopy to image the fracture surface 
of epoxy-clay nanocomposites in order to study the toughening mechanisms for 
nanocomposites. Figure 2.9 shows the SEM micrographs of the fracture surfaces for neat 
epoxy and nanocomposites containing different clay loading at different magnification. 
The fracture surface of neat epoxy (Figure 2.9-A) is smooth and featureless due to its 
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brittle nature. However, rougher fracture surfaces were observed for nanocomposites 
(Figure 2.9-B and C), which account for the improvement in fracture toughness. The 
fracture surfaces of the nanocomposites with 1 wt.% and 3 wt.% clay appear similar 
under 2000 magnification (Figure 2.9-B & C), whereas, the difference becomes clear 
with higher magnification images (Figure 2.9-D & E). 
 
 
Figure 2.9. SEM micrographs of the fracture surfaces for (A) neat epoxy, nanocomposites 
with (B) 1 wt.% and (C) 3 wt.% clay (X2000); and nanocomposites with (D) 1 wt.% and 
(E) 3 wt.% clay (X5000) [59]. 
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2.4.3 Transmission Electron Microscopy 
The scanning electron microscopy analyzes the reflected beam of electrons to develop the 
images. However the transmission electron microscopy (TEM) utilizes the transmitted 
electrons to form the images. TEM is a powerful technique to characterize 
nanocomposites due to its high resolution in imaging. Magnifications approaching 
1,000,000 times are possible with TEM [57]. Unlike the SEM which shows the details of 
the surface of the specimen, the advantage of TEM is that it shows all details inside the 
volume of the investigated specimen. The main difficulty with TEM is that the specimen 
must be specially prepared to thicknesses which allow electrons to be transmitted 
through. Therefore, the specimen to be examined using TEM must be in the form of a 
very thin foil to ensure that appreciable fraction of the incident beam will be transmitted 
through the specimen. As mentioned above, no peaks are observed in XRD when the 
polymer-clay nanocomposites have disordered or exfoliated morphology. Therefore TEM 
can be used to reveal the structure of the nanocomposites for these morphologies.   
   
Transmission electron microscopes have been utilized by a number of researchers to 
reveal the nanostructure of the nanocomposites [18-22,60]. Alexandra et al. [61] 
employed the TEM to investigate the intercalated and exfoliated structure of 
nanocomposites. Using an ultramicrotome equipped with diamond knife, thin specimens 
of about 50–100 nm were cut from nanocomposites. Figure 2.10 shows TEM 
micrographs of nanocomposites containing 5 % clay loading at different magnifications.  
As clear from the figure, there was a good dispersion and distribution of the nanoclays in 
the nanocomposites. Hussain et al. [12] used transmission electron microscopy to reveal 
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the intercalated and exfoliated structure of epoxy-clay nanocomposites. Figure 2.11 
shows the TEM image for nanocomposite that contain 2 wt.% of Nanomer I.30E 
nanoclays, which reveals intercalated structure of the nanocomposite.  
 
Figure 2.10. TEM micrographs of nanocomposite containing 5 % clay loading at different 
magnifications [61]. 
 
 
Figure 2.11. TEM image for epoxy-clay nanocomposite contain 2 % of nanoclays [12]. 
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2.4.4 Differential Scanning Calorimetry 
Differential scanning calorimetry (DSC) is one of the most widely used techniques to 
measure the glass transition temperature (Tg) and the melting temperature for polymer 
and polymeric nanocomposites [11,21,62,63]. Akbari and Bagheri [13] used the DSC to 
determine the glass transition temperature for pristine epoxy and nanocomposites. Figure 
2.12 illustrates the DSC curves for neat epoxy and nanocomposites containing 5 wt.% of 
clay loading. As seen in the figure, the glass transition temperature of neat epoxy was 
about 67
o
C, while the glass transition temperature of nanocomposite was about 59
o
C. The 
figure also indicates that, there was another glass transition temperature at about 39
o
C 
that has been attributed to the presence of a lower cross-linked density epoxy in the 
structure. Bozkurt et al. [64] performed DSC analysis on neat epoxy and nanocomposite 
samples in order to investigate the effect of clay addition on Tg. The DSC tests were 
carried out at a constant heating rate of 10
o
C/min from 25 to 200
o
C. The authors found 
that the addition of nanoclays has almost no effect on Tg values and Tg of neat epoxy and 
nanocomposites was around 70
o
C.  
 
Figure 2.12. DSC graphs for epoxy and nanocomposite containing 5 % clay loading [13]. 
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2.4.5 Other Characterization Techniques 
In addition to the previous characterization techniques, thermal gravimetric analysis 
(TGA) and dynamic mechanical analysis (DMA) are used to characterize polymer-clay 
nanocomposites. Thermal gravimetric analysis is used to investigate the thermal stability 
and decomposition of polymeric materials and polymeric nanocomposites [44,49]. Zhou 
et al. [65] conducted TGA analysis on pure epoxy and nanocomposites to identify the 
effect of adding nanoclays on thermal properties of epoxy resin. The TGA curves 
indicated that the decomposition temperatures are almost the same for all nanocomposites 
and neat epoxy, which indicates that the clay contents have no effect on the 
decomposition temperature of epoxy. Becker et al. [18] employed the thermogravimetric 
analysis to determine the thermal stability of neat epoxy and nanocomposites. They found 
that the onset temperature of degradation slightly decreased with increasing organoclay 
concentration for the nanocomposites. However, the TGA curves of neat epoxy and 
nanocomposite generally showed the same behavior in the lower temperature regime 
before the onset of degradation. 
 
Dynamic mechanical analysis measures the response of a material to a cyclic deformation 
as a function of temperature [9,10,12]. DMA results are expressed by three parameters: 
(1) the storage modulus (E'), corresponding to the elastic response to deformation; (2) the 
loss modulus (E"), related to the plastic response to deformation and (3) tan δ, which 
used as a measure of  glass transition temperature [66]. Using DMA, Messersmith et al. 
[67] found that for an epoxy-clay nanocomposite containing 4 vol.% clay the storage 
modulus was increased by about 60% in the glassy region, compared to pure epoxy. 
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Kornmann [6] measured the dynamic mechanical properties of epoxy resin and 
nanocomposite using the DMA and found that the storage modulus of the epoxy is about 
45% lower than that of the nanocomposite with 10% of clay loading. The glass transition 
temperature of the nanocomposite was about 10–15oC lower than that of the neat epoxy, 
which related to the effect of the presence of the layered silicate on the crosslink density 
of the epoxy. Dai et al. [68] determined the mechanical behaviors of different epoxy-clay 
nanocomposites under uni-axial tension using DMA. The authors found that the addition 
of the nanoclays improved both the storage modulus and the glass transition temperature 
for the epoxy.   
 
2.5 Mechanical Properties of Epoxy-Clay Nanocomposites 
A variety of techniques are used to determine the mechanical performance of polymeric 
materials under a variety of loading conditions. These may be classified as static (i.e., 
tensile, fracture toughness and flexural), transient (i.e., creep and stress relaxation tests) 
impact (Izod and Charpy tests) and cyclic (i.e., fatigue tests). Static tests are used to 
measure the force response when a sample is strained, or compressed at a constant rate. 
These provide a means to characterize the mechanical properties of polymeric materials 
in terms of modulus, strength and elongation to failure. For many engineering 
applications of polymers and nanocomposites, the mechanical properties of primary 
concern are stiffness and strength determined using tensile or flexural test and toughness 
from the fracture toughness test [19-21,47-52, 69-71].  
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2.5.1 Tensile Test 
The tensile test is usually carried out to determine the tensile properties for materials; 
strength, modulus of elasticity and fracture strain are the most important outcomes from 
the test. Tensile properties of polymer and nanocomposites may vary with specimen 
preparation and with speed and environment of testing. Therefore to determine precise 
strength and modulus of elasticity, these factors must be carefully controlled. During the 
preparation of specimen the dimension of the specimen should be similar to that 
dimension in standards, like ASTM D638.      
 
Daniel et al. [72] carried out tensile test for DER 331 epoxy and nanocomposites 
reinforced with Cloisite 30B clay. The results showed that when using a very slow 
crosshead rate (0.024 mm min
-1
) equivalent to a strain rate of 1.7 x 10
-4
 s
-l
, there was a 
nearly 50% increase in the initial modulus and a comparable increase in strength with 5 
wt% clay. When the test was conducted at strain rate that was ten times the strain rate of 
the previous test the modulus of the nanocomposites increased compared to the neat 
epoxy. However, the strength and ultimate strain of the nanocomposites decreased 
compared to the pristine epoxy. This study highlights the importance of the strain rate on 
the tensile tests for polymeric materials. In fact, the strain rate is one of the important 
controlling factors when conducting tensile test for epoxy and nanocomposites. The 
authors prepared number of nanocomposites with different clay loading and the results 
showed that the strength and ultimate strain were increased with clay loading up to 2.5 
wt%, after that, they decreased drastically with the increase in clay loading.  
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Ha et al. [14] investigated the clay concentration‟s effect on the tensile strength of 
surface-modified MMT/epoxy nanocomposites. The authors found that increasing the 
clay concentration lead to improve the modulus of elasticity but decreasing the tensile 
strength as shown in Figure 2.13.  
 
 
Figure 2.13. Typical load-displacement curves of epoxy-clay nanocomposites [14]. 
 
Xidas and Triantafyllidis [9] synthesized nanocomposites using EPON 828RS epoxy and 
different types of modified montmorillonite clays in order to investigate the effect of the 
type of clay modifier on the structure and properties of the nanocomposites. From the 
five organoclays used (I.28E, I.30E, C10A, C15A and C20A) only nanocomposite with 
I.30E nanoclay provided exfoliated nanostructures, which was attributed to the catalytic 
function of the acidic primary onium ions that enhanced intergallery polymerization rate. 
The authors carried out tensile tests for pristine epoxy and nanocomposites and found that 
the nanocomposite prepared using I.30E clays induced the highest increase of tensile 
strength and modulus, which related to the increase in the polymer volume fraction that is 
 38 
being affected by the highly dispersed stiff clay layers in the exfoliated structure. They 
found that increasing the I.30E clay loading lead to increase the elasticity modulus but 
decreasing fracture strain as shown in Figure 2.14. As the figure indicates the tensile 
strength was also decreased with increasing clay loading except for the nanocomposites 
containing 3 % of clay loading.  
 
 
Figure 2.14. Stress–strain curves of neat epoxy (A) and nanocomposites with different 
clay loading of I.30E: (B) 1%, (C) 3%, (D) 6%, (E) 10% [9]. 
 
2.5.2 Other Mechanical Tests 
In addition to tensile test, fracture toughness test and flexural test are also commonly 
used to determine the mechanical properties of epoxy-clay nanocomposites. The fracture 
toughness is a property which describes the ability of a material containing a crack to 
resist fracture while the flexural test measures the force required to bend a beam under 
three point loading conditions. Kim et al. [47] determined the fracture toughness of 
prepared epoxy and nanocomposites using single edge notch bend specimen (SENB) and 
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found that the fracture toughness gradually increased with raising the nanoclay up to 1.5 
wt% after that it was saturated. The fracture toughness was improved by 46% when the 
nanoclay content was 1.5 wt%. The authors attributed this saturation in the fracture 
toughness above 1.5 wt.% to the decrease in the interlayer spacings and increase in the 
nanoclays agglomeration. Wang et al [59] studied the toughening effect of the addition of 
Nanomer PGW nanoclay in to DER 332 epoxy resin. The authors found that the fracture 
toughness increased with increasing the clay loading up to 2 %, after that the fracture 
toughness decreased with increasing the clay loading. The fracture toughness increased 
by about 77% for the nanocomposites containing 2 % clay. Similar to Kim et al. [47] the 
reduction in the fracture toughness when the clay loading increased beyond 2 % was 
related to the increase in the clay clusters. 
 
Hackman and Hollaway [73] conducted flexural test on epoxy and nanocomposites to 
investigate the effect of nanoclay addition on the flexural modulus and flexural strength 
of epoxy resin. The authors found that the flexural modulus and ultimate flexural stress 
increased by 19.6 and 7.7%, respectively, for specimens containing 10 wt.% clay. 
Zainuddin et al. [10] carried out flexural tests to investigate the effect of nanoclay 
addition on the strength and modulus of epoxy systems. They found that the strength and 
modulus of the nanocomposites increases continuously with increasing nanoclay loading 
up to 2 %, which was considered to be the optimal clay loading. At 2 % clay loading an 
improvement of about 8.7% in strength and 17.4% in modulus were observed in 
comparison to neat epoxy samples. Zhou [65] conducted flexural tests to evaluate the 
bulk stiffness and strength of epoxy and its nanocomposites. The authors found that the 
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optimal clay loading was at 2 %, and an improvement of about 32% in modulus and 27% 
in strength were observed at this clay loading.  
 
2.6 Water Uptake of Epoxy and Epoxy-Clay Nanocomposites 
Although moisture effects on epoxy resin systems and their nanocomposites have been 
studied, contradictory results have been reported about the equilibrium moisture 
adsorption for epoxy-clay nanocomposites. Some studies [18,21] reported a decrease in 
the maximum water uptake as a results of organoclay addition while Manfredi LB el at. 
[37] showed an increase in the maximum water uptake for glass fiber systems with 
organoclay addition. Massam and Pinnavaia [74] found that the maximum water uptake 
was relatively unaffected. The substantial reduction in moisture uptake was first reported 
for polyamide-clay nanocomposites with a water absorption rate decreased by about 40% 
compared to the neat polymer [34]. The permeability performance of nanocomposite 
normally depends on the clay content, aspect ratio and degree of dispersion of silicate 
layers. Apicella et al. [75] suggested three different modes for the water uptake of epoxy 
systems: (a) bulk dissolution of water in the polymer network; (b) moisture sorption onto 
the surface of holes that define the excess free volume of the glass structure; and (c) 
hydrogen bonding between hydrophilic groups of the polymer and water.  
 
Weiping Liu el at. [76] studied the effect of I.30E clay addition on water uptake of 
TGDDM/DDS epoxy. High pressure mixing technique was used to disperse nanoclay in 
epoxy. They found that the water uptake of neat epoxy and nanocomposites were linearly 
proportional to the square root of time as shown in Figure 2.15. As can be seen in the 
 41 
figures the maximum water absorptions of the nanocomposites decrease with increasing 
clay loading. As indicated in the figure, there were significant reductions in the 
diffusivity of the epoxy resin with increasing nanoclay loading, which have been 
attributed to the tortuosity effect.  
 
 
Figure 2.15. Water uptake curves for pure epoxy (TD) and nanocomposites (HPM-A) 
containing different clay loading [76]. 
 
Kim et al. [77] investigated the moisture diffusion and barrier characteristics of 
nanocomposites. DGEBA epoxy was used as a matrix to prepare nanocomposites with 
three different organoclays; namely: KH-MT-TJ2, Cloisite 20A and I.30P. The authors 
found remarkable reductions in permeability for all the nanocomposites, which was 
related to the high aspect ratio of the nanoclay platelets that increased the moisture 
penetration path. The results showed that the nanocomposite prepared with I.30P clay had 
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the most efficient barrier properties, which attributed to high degree of clay dispersion for 
this nanocomposite as demonstrated using XRD analysis and TEM.  
 
Manfredi LB el at. [37] prepared glass fibre reinforced epoxy (GFRE) using DER 383 
epoxy  as matrix with 30% volume fraction of e-type glass fibres (E-8204). The authors 
investigated the effect of adding C30B and C10A nanoclays on the mechanical and water 
absorption properties of the GFRE. The authors found that the maximum water uptake of 
GFRE containing nanoclay was higher than that prepared with neat epoxy matrix as 
illustrated in Figure 2.16. The authors suggested that the reduction in the crosslinking 
density appears to be one of the factors influencing the water absorption. In the GFRE 
composite, it was proposed that water enters the composite by diffusion through the resin 
and due to capillary action along the fibre-matrix interface. The water uptake of GFRE 
composite is affected by: (i) the hydrophilic character of the fibres and the matrix, (ii) the 
adhesion between the matrix and the fibres, and (iii) the existence of voids in the 
composite.  
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Figure 2.16. Weight gain curves during water absorption at 80 
o
C, of the different matrix 
composites reinforced with glass fibre [37]. 
 
Becker et al. [18] studied the water uptake of nanocomposites fabricated using three 
different epoxy matrixes (DGEBA, TGAP and TGDDM) that have been reinforced using 
I.30E nanoclay. They found that at 80
o
C the maximum water uptake of all prepared 
nanocomposites was reduced by 13.7% for DGEBA, 4.2 % for TGAP and 5.6% for 
TGDDM at 2.5% of clay loading, compared to the neat epoxy system. However, unlike 
the maximum water uptake, the diffusivity of nanocomposites was higher than that of 
neat epoxy.  
 
To summarize the literature review, a lot of work has been conducted to study the effect 
of nanoclay addition on the mechanical, thermal and physical properties of epoxy-clay 
nanocomposites. The enhancement in the properties of the resultant nanocomposites 
depends mainly on two factors; the types of clays and epoxy used to prepare the 
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nanocomposite and the technique utilized to disperse the nanoclay into the epoxy matrix. 
In fact, the enhancement in the nanocomposite properties was controlled by the degree of 
clay dispersion of nanoclay and hence by the morphology of the resultant 
nanocomposites. It was found that the nanocomposite morphology depend mainly on the 
technique used to disperse nanoclay into epoxy matrix. Different mixing techniques were 
employed including: simple mechanical mixing, sonication, high shear mixing, high 
pressure mixing and slurry compounding mixing.  
 
The work conducted so far in the epoxy-clay nanocomposite showed that there was an 
improvement in the modulus of elasticity; however, contradictory results have been 
reported for other mechanical, chemical and physical properties of the resultant 
nanocomposites. Some studies found an enhancement in the strength, fracture toughness 
and glass transition temperature due to nanoclay addition, while others reported reduction 
or no effect in all of these properties. The improvements seem to depend on the percent 
of clay loading. Also opposing outcomes have been reported about the effect of clay 
addition on the water uptake of the epoxy matrix; some found reduction in both 
diffusivity and maximum water uptake, however others reported increase or no change in 
these physical properties. Therefore, more research is required in the topic of epoxy-clay 
nanocomposite to determine the appropriate types of clay and epoxy to start with and the 
proper processing techniques that will lead to the optimum improvement in the 
nanocomposite properties. 
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CHAPTER THREE 
EXPERIMENTAL PROCEDURE 
 
3.1 Introduction 
In this chapter, the step-by-step experimental procedures adopted in the present work are 
detailed and the equipments used in conducting experiments and analyzing samples are 
introduced. The chapter starts with a concise description of the materials and the design 
of molds used in this work followed by explanation of the synthesis of neat epoxy and 
epoxy-clay nanocomposites. The high shear mixing and the ultrasonication techniques 
that were used to disperse the clay in epoxy matrix are explained. Then, the 
characterization techniques and tensile test that were used to analyze the epoxy and 
nanocomposites are outlined.   
 
3.2 Materials 
3.2.1 Epoxy 
Since the study intended mainly for GFRE pipes, the Araldite GY 6010 that is used by 
the major pipes industries in the Kingdom of Saudi Arabia was utilized in this work as 
the polymeric matrix. The Araldite GY 6010 which is supplied by JANA, KSA, is an 
unmodified liquid epoxy resin based on bisphenol A (DGEBA). Its physical state is 
liquid, clear colour and slight odour. The material properties provided by the supplier 
include the average weight per epoxide, 186 g/eq, viscosity at 25
o
C, 11 Pa.s, and density, 
1.16 g/cm
3
 [78]. This epoxy is insoluble in water and its chemical structure is shown in 
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Figure 3.1. The curing agent used to cure this epoxy was isophoronediamine (IPDA) 
supplied by Bondstrand, Dammam, product of HUNTSMAN, USA. Its physical state is 
liquid, clear color and ammoniacal odor. The average viscosity and density at 25
o
C of 
this hardener, as indicated on the supplied package, are 15 mPa.s and 0.92 g/cm
3
, 
respectively [79]. The chemical structure of the curing agent is shown in Figure 3.1. 
 
 
DGEBA 
 
IPDA 
Figure 3.1 The chemical structure of DGEBA epoxy and IPDA curing agent. 
 
3.2.2 Clays 
Organically modified montmorillonite clays that belong to the smectite clays were used 
as the nano-filler materials. These clays are layered silicate clays which have the ability 
to maintain its 2D crystallographic plane even after exfoliation. The montmorillonite 
clays are naturally occurring inorganic materials. The chemical composition of 1/2 
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crystalline unit cell is [Al1.67 Mg0.33 (Na0.33)] Si4O10 (OH)2 [80]. The clay layer is usually 
about 1 nm thick with other dimensions being between 100-1000 nm, giving the clay an 
aspect ratio in the range of 100-1000. Each layer, or platelet, in the clay particle is made 
up of an octahedral sheet sandwiched between two opposing tetrahedral sheets as shown 
in Figure 3.2. The layer is usually negatively charged, and the space between two 
adjacent layers is occupied by anhydrous cations whose position depends on the layer 
charge location. Common tetrahedral site ions are Si
4+
, Al
3+
 and Fe
3+
, however, ions such 
as Al
3+
, Fe
3+
, Fe
2+
, Mg
 2+
,
 
Zn
2+
,
 
and Li
+
 are found in the octahedral sites. The ions in both 
the octahedral and tetrahedral sheets are coordinated to oxygen ions which gives the layer 
its net negative charge. The interlayer spaces are generally occupied by Na
+
, K
+
, Ca
+
, and 
Mg
+
 ions which are readily exchangeable [80]. In fact, most of the technological 
application of clay, including nanocomposite, is related to the reaction that takes place in 
the interlayer space.  
  
The modulus of an individual layer is in the range 170–180 GPa [39,81]. The 
composition of the clay particles (ionic and polar in nature) generally makes it 
hydrophilic, which means its interaction with organic substance is quite difficult. 
However, the inorganic cations in the interlayer space can be replaced by organic cationic 
molecules which change the clay from being hydrophilic to organophilic. Depending on 
the types of organic modifier different types of organically modified montmorillonite 
clays are available in the market.  
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In this work, four types of organically modified montmorillonite clays were used; 
namely: Nanomer I.30E, Nanomer I.28E, Cloisite 10A and Cloisite 15A. The type and 
chemical structure of organic modifier for these nanoclays, which belong to the 
alkylammonium ions, are listed in Table 3.1. The Nanomer I.30E and I.28E were 
acquired from Nanocor Inc, USA while the Cloisite 10A and 15A were supplied by 
Southern Clay Product, USA. The physical states of all nanoclays are powder having 
white to gray colours and their specific gravities are between 1.7 and 1.9 [82,83].   
 
 
 
 
Figure 3.2 Schematic of the layered and chemical structure of an unmodified 
montmorillonite clay particle [27]. 
 
 
 
Platelet (tactoid) 
1 nm thick 
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Table 3.1 Types and chemical structures of the organic modifiers for modified 
montmorillonite nanoclays.  
Organoclay Type of Organic Modifier 
Structure of Organic 
Modifier 
Nanomer I.30E 
Primary 
octadecyl ammonium 
 
Nanomer I.28E 
Quaternary 
octadecyl ammonium 
 
Cloisite 10A 
Quaternary dimethyl benzyl 
hydrogenated tallow ammonium 
 
Cloisite 15A 
Quaternary dimethyl 
dihydrogenated tallow ammonium 
 
 
3.3 Mold Design and Assembly 
Two aluminum molds were used in this work. A small mold was used during the 
experimental procedure that was conducted to determine the optimum curing temperature 
and time. The mold consists of two parts: a base solid plate of dimension 100 x 90 x 12 
mm and an upper hollow section of outer dimension 100 x 90 x 12 mm and 70 x 64 x 12 
mm inner dimension. This small mold has been designed to save the amount of the 
materials (epoxy and hardener) used during the process. A larger mold (Figure 3.3) was 
used for fabrication of the neat epoxy and nanocomposites sheets. This mold also consists 
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of two parts: a base solid plate of dimension 230 x 200 x 12 mm and an upper hollow 
section of outer dimension 230 x 200 x 10 mm and 200 x 170 x 10 mm inner dimension.  
 
The base plates provide the platform for the upper sections which define the dimension of 
the intended polymer sheet to be cast. The two-part mold was assembled by bolting the 
sections via 5 mm-diameter holes drilled through the mold plates.  During assembling, a 
replica of the hollow part was made from a thin polymer film (image projector slide 
sheet) of 0.12 mm thickness and placed between the parts to prevent leakage of material 
from the mold during the curing process. To prevent sticking of the cured component to 
the mold, the latter was polished with abrasive paper and the surface thoroughly cleansed 
with WD40 cleansing chemical before pouring the epoxy-clay-curing agent mixture.  
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Figure 3.3 Drawing of the large mold plates (dimensions are in mm).  
Base plate 
Upper plate 
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3.4 Synthesis of Neat Epoxy 
The fabrication of neat epoxy started by pouring a specific amount of epoxy monomer 
into a beaker and then degassed to eliminate air bubbles at 60
o
C using a Shellab vacuum 
oven connected to a vacuum pump. After full degassing, which took about 30 min, 
stoichiometric amount of hardener was added to the beaker. The ratio of the hardener and 
the liquid epoxy was 24 g of hardener for each 100 g of epoxy monomer. The measured 
epoxy and hardener were then gently mixed together using a stirring rod for 5 min to 
ensure proper mixing of the epoxy with the hardener. After that, the mixture was poured 
into the aluminum mold and transferred to the oven for curing at the required curing 
conditions (curing temperature and curing time). After that the mold was left to cool 
down to room temperature inside the oven, and then removed from the oven. Finally the 
mold was opened and the sheet of epoxy is removed and is ready for subsequent 
characterization. 
 
The curing process is a chemical reaction during which the liquid mixture of epoxy 
monomer and hardener are converted to a hard infusible three-dimensional network. This 
process is called polymerization during which the resin molecules are crosslinked 
together by means of strong covalent bonds. The degree of curing (crosslinking) depends 
on the curing temperatures and durations which vary according to the types of epoxy and 
hardener used [18,21,52]. Usually curing processes are conducted in two steps to improve 
the degree of crosslinking which are called pre-curing and post-curing, respectively 
[6,19]. Depending on the types of epoxy and hardener used, different pre-cuing and post-
curing temperatures and durations have been used to prepare epoxy-clay nanocomposites. 
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According to the literature review reported in chapter two, the curing temperatures and 
curing times were in the range of 80 to 200
o
C and 1 to 10 hours, respectively. These 
results are used as a base for determining the appropriate curing temperature and curing 
time for neat epoxy and hardener used in this study as well as those of nanocomposites.  
 
3.4.1 Optimization of Curing Conditions 
During this optimizing process all samples were prepared using a quantity of 14.4 g of 
the hardener mixed with 60 g of the epoxy. To study the effect of the curing temperature 
and duration 35 samples were prepared; at different pre-curing and post-curing 
temperatures and durations. First, 18 samples have been prepared to investigate the effect 
of pre-curing temperature and post-curing temperature on the degree of curing as listed in 
Table 3.2; the curing time was kept constant for two hours. Then, to determine the 
optimum curing time 11 samples were fabricated as listed in Table 3.3. Finally, 6 samples 
were prepared to determine the optimum post-curing temperature that were post-cured at 
different temperatures as listed in Table 3.4. 
 
3.4.2 Sample Prepared for Comparison with Nanocomposites 
In this case 20.4 g of the hardener was mixed with 85 g of fully degassed epoxy monomer 
for 5 minutes. The mixture was poured into the larger mold and cured using the optimum 
curing condition, pre-cured at 100
o
C and post-cured at 170
o
C for one hour each. 
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Table 3.2 Matrix for the samples that have been prepared to study the proper pre-curing 
and post-curing temperature (curing time was 2 hours). 
Sample 
pre-curing      
Temperature (
o
C)  
post-curing 1   
Temperature (
o
C) 
post-curing 2   
Temperature (
o
C) 
1 80   
2 
80 
120 180 
3 170  
4 180  
5 100   
6 
100 
150  
7 170  
8 140 180 
9 180  
10 120   
11 
120 
150  
12 150 180 
13 170  
14 180  
15 150   
16 150 170  
17 180   
18 200   
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Table 3.3 Matrix for the samples that have been prepared to study the proper pre-curing 
and post-curing time. 
Sample 
pre-curing                    
 Temperature (
o
C) :   Time (h) 
post-curing             
Temperature (
o
C)  :    Time (h) 
1 
100 
1   
2 2   
3 3   
4 0.5 170 0.5 
5 1 180 1 
6 1 170 1 
7 1 170 3 
8 1 180 3 
9 3 170 3 
10 3 180 3 
11 3 180 1 
 
Table 3.4 Matrix for the samples that have been prepared to determine the optimum post-
curing temperature (curing time was one hour). 
Sample 
pre-curing                    
Temperature (
o
C)  
post-curing              
Temperature (
o
C)   
1 
100 
150 
2 160 
3 170 
4 180 
5 190 
6 200 
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3.5 Synthesis of Epoxy-Clay Nanocomposites 
In this work, three techniques namely: high shear mixing, ultrasonication and hand 
mixing were used to disperse the nanoclay into the epoxy matrix. As mentioned in 
section 3.2.2, four different types of clay; I.30E, I.28E, C10A and C15A were 
investigated. I.30E nanoclay was used during the optimization processes and through the 
work conducted to study the effect of clay loading and the effect of mixing techniques. 
The choice of I.30E nanoclay was based on previous studies [9,44,50], which reported 
that the I.30E nanoclay has the highest degree of exfoliation after mixing and hence the 
highest improvement in the mechanical and barrier properties.   
 
3.5.1 Nanocomposites Prepared for Optimization of Curing Process 
The preparation of nanocomposites used in this section started with manually mixing of 2 
wt.% of I.30E nanoclays into epoxy monomer for 5 min to ensure good distribution of the 
clay particles in the epoxy. The mixture was then sonicated for 30 minutes to disperse the 
nanoclay layers into epoxy resin. After that the mixture was fully degassed using the 
vacuum oven for about 1 hour. The hardener was then added to the mixture and 
completely mixed and then poured into the small mold. Finally, the mixture was pre-
cured and post-cured at the required temperatures and durations. To determine the 
optimum curing process for nanocomposites and based on the results obtained for neat 
epoxy, three samples were prepared using 2 wt.% of I.30 E nanoclay. All the samples 
have been pre-cured at 100
o
C while different post-curing temperatures (160, 170, 180
o
C) 
have been used for one hour each.  
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3.5.2 Nanocomposites Prepared Using High Shear mixing (HSM) 
The synthesis of nanocomposites started by hand mixing the nanoclay into the epoxy 
resin for 5 minutes using a stirring rod. This initial mixing is important to properly blend 
the clay powder into the epoxy resin and prevent the clay powder from „flying away‟ 
during the subsequent high shear mixing. After stirring, the mixture of the clay and epoxy 
was moved to the high shear mixer and placed under the mixing assembly with the mixer 
frame completely immersed. Model L4RT high shear mixer having maximum mixing 
speed of 10000 rpm supplied by Silverson, UK, was used to disperse the nanoclay into 
the epoxy matrix. During high shear mixing the mixture temperature was maintained 
between 35-45
o
C by using a water bath as shown in Figure 3.4. This maintains the 
viscosity of the mixture and prevents excessive temperature from being induced into the 
material which could lead to material degradation or outright burning. The temperature of 
the mixture during mixing was monitored using a thermocouple. The epoxy-clay mixture 
was then degassed for 10 hours at 65
o
C to remove air bubbles generated during high 
shear mixing. After degassing the hardener with stoichiometric ratio of 24:100 w/w was 
added to the mixture and gently mixed for 5 min. The mixture was then poured into the 
big mold and cured at the optimum curing conditions (pre-cured at 100
o
C and post-curing 
at 170
o
C for one hour each). The mold was then left to cool down to room temperature 
inside the oven before removing the nanocomposite plate for characterization.  
 
The controlling factors that determine the degree of nanoclay dispersion into the epoxy 
matrix during the high shear mixing are the mixing speed and the mixing time. To 
determine the optimum mixing speed 6 samples of nanocomposites were prepared as 
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listed in Table 3.5. During the preparation of these samples the mixing time was kept 
constant at 30 min. All nanocomposite samples prepared to determine the optimum shear 
mixing parameters (speed and time) contain 2 wt.% of I.30E clay loading, since this clay 
loading was reported to be the optimum clay loading in a number of previous studies 
[10,47,65]. After determining optimum mixing speed, 5 samples of nanocomposites were 
prepared to find optimum mixing time using a constant (optimum) high shear mixing 
speed of 6000 rpm as listed in Table 3.6. After determining the optimum mixing speed of 
6000 rpm and optimum mixing time of 60 minutes, all the remaining samples that have 
been prepared by high shear mixing will use these optimum settings. To investigate the 
effect of clay loading on the properties of the resultant nanocomposites, five 
nanocomposites have been synthesized using different I.30E clay loading, namely: 1, 2, 
3.5, 5 and 10 wt.%.  
 
Figure 3.4. Set-up of high shear mixing. 
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Increasing the clay loading led to raise the mixture viscosity, therefore, to accelerate the 
degassing process, new samples containing different percent of clay (1, 2, 3.5 and 5%) 
were fabricated by increasing the degassing temperature of the mixture from 65 to 100
o
C 
for the first 2 hour of the degassing process. All the remaining nanocomposites fabricated 
using high shear mixing or sonication were first degassed at 100
o
C for  2 hours and then 
at 65
o
C for 8 hours. To investigate the effect of clay type on the properties of the 
nanocomposites, high shear mixing using the optimum mixing parameters was utilized to 
fabricate four nanocomposites containing 2% of four types of nanoclays; in addition to 
I.30E clay, I.28E, C10A and C15A were used. All these nanocomposites were degassed 
at 100
o
C for 2 hours and then at 65
o
C for 8 hours.  
 
 
Table 3.5 Setting mixing parameters for samples prepared to investigate the effect of 
mixing speed. 
Sample Mixing Time (min) Mixing speed (rpm) 
1 
30 
500 
2 1000 
3 2000 
4 4000 
5 6000 
6 8000 
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Table 3.6 Setting mixing parameters for samples fabricated to examine the effect of 
mixing time. 
Sample Mixing Time (min) Mixing speed (rpm) 
1 15 
6000 
2 30 
3 45 
4 60 
5 90 
 
 
3.5.3 Nanocomposites Prepared Using Sonication (SC) 
To compare the nanocomposites prepared using high shear mixing and ultrasonication the 
preparation process for the nanocomposites synthesized using ultrasonication was similar 
to that used with high shear mixing except that instead of high shear mixing 
ultrasonication was used. During this process, the SONICS VC33 high intensity 
ultrasonicator from Sonics equipment operating at a frequency of 20 KHz and a power 
rating of 750 watt was used. The required sonication time, amplitude and energy are 
specified through the sonicator control unit. The sonicator preset amplitude of 40% was 
used and the sonication time was 30 minutes. This optimum sonication time for the epoxy 
and nanoclay used in this study was determined earlier [27]. A water bath was used to 
maintain the mixture temperature between 80-90
o
C during sonication and a thermocouple 
was also attached to monitor the temperature of the mixture during sonication as shown 
in Figure 3.5. 
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Figure 3.5. Set-up of ultrasonication. 
 
3.5.4 Nanocomposites Prepared by both HSM & SC and Hand Mixing 
In the previous section either high shear mixing or ultrasonication has been used to 
prepare nanocomposites. In this section two nanocomposites have been fabricated using 
both high shear mixing and ultrasonication; one contains 2 % and the other contains 5 % 
of I.30E nanoclay. The mixture of epoxy and nanoclay was first mixed using high shear 
mixing and then degassed at 100
o
C for 5 hours. After that the mixture was sonicated for 
30 minutes followed by fully degassing at 100
o
C for the first 2 hours and then at 65
o
C for 
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8 hours. The hardener was then added and gently mixed for 5 minutes. Finally, the 
mixture was poured into the mold and cured using the optimum curing conditions.  
 
For the sample prepared by hand mixing; the preparation process was similar to that used 
during the fabrication of nanocomposites with high shear mixing except that instead of 
shear mixing the epoxy and clay have been hand mixed for 10 minutes using a stirring 
rod. 
 
3.6 Characterization 
Proper characterization tools are crucial for understanding the basic physical and thermal 
properties of epoxy and nanocomposites. In this work various techniques are used to 
characterize the epoxy and nanocomposites including: Differential Scanning Calorimeter 
(DSC), X-ray diffraction (XRD), Optical Microscope, Scanning Electron Microscopy 
(SEM) and Transition Electron Microscopy (TEM). 
 
3.6.1 Differential Scanning Calorimetry (DSC) 
DSC-822
℮
 supplied by Mettler TOLEDO was used to determine the glass transition 
temperature (Tg) of neat epoxy and nanocomposites before and after exposure to water 
and crude oil. This DSC has maximum heating capacity of 400 W and temperature range 
from room temperature to 700
o
C with maximum heating rate of 100 
o
C/min. Thin 
samples weighing between 6-10 mg were cut from specimens and placed in an aluminum 
crucible (pan) of 40 μl and covered with its lid. The pan containing the sample was then 
placed next to a reference pan in the heating chamber of DSC and heated from 25ºС to 
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200ºС at a heating rate of 10 ºС/min in an argon gas inert environment flowing at 100 
ml/min flow rate. Cooling was provided with liquefied nitrogen gas.  
 
Midpoint method was used to determine the glass transition temperature as shown in 
Figure 3.6.  Tg was determined with the aid of the STARe thermo-mechanical analysis 
system software. It was observed that the DSC results were sensitive to the location 
where the sample has been cut from the sheet specimen. Figure 3.7 shows that the sample 
taken near the edge of the sheet displays the characteristics of a fully cured system while 
that taken away from the edge is not fully cured. This difference in the degree of curing 
can be attributed to the effect of the mold edge on the curing process. Therefore, all the 
samples were cut far enough from the sheet edge.  
 
 
Figure 3.6. Midpoint method used to determine Tg for polymeric materials. 
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Figure 3.7. DSC curves for two samples of the same sheet, the first was taken near to the 
edge and the second far from the edge. 
 
3.6.2 X-ray Diffraction (XRD) 
During this work, two equipments were used to find the diffraction pattern of samples; 
one is Bruker D8 Advance equipped with auto-positioning of 9 specimen holders and the 
other is Shimadzu wide angle X-ray diffraction equipment. The voltage of Bruker D8 and 
Shimadzu were 30 and 40kV, respectively. The current of both equipments was 30mA 
and the source of the X-ray was Cu Kα radiation having a wavelength of 1.5406Å. Some 
samples were scanned from 2 to 60 degrees while other samples from 2 to 10 degrees 
using a step of 0.02º. The X-ray diffraction was conducted on the pure nanoclay, neat 
epoxy and nanocomposites. The sample of nanoclay was in the powder form, while small 
pieces in the form of blocks (10 x 10 x 2.5 mm) were cut for the sheets of neat epoxy and 
 65 
nanocomposites and placed in sample holders and mounted in the sample chamber of the 
X-ray diffraction equipment.  
 
The X-ray diffraction is used to determine the interplaner spacing (d-spacing) between 
clays using Bragg's law and hence the type of nanocomposite morphology. Details about 
the nanocomposite structure can be identified by measuring the position and intensity of 
the diffraction peak due to the distributed silicate layers of nanoclay as shown in Figure 
3.8. The d-spacing depends on the peak angular positions which are called the diffraction 
angles; lower angular position means higher d-spacing. However, for extensive layer 
separation, associated with exfoliated or disorder intercalated morphologies, no peak 
appears in the XRD curves and TEM is required to reveal the structure of the 
nanocomposite. The equation that is used to calculate the d-spacing according to Bragg‟s 
law is as follows: 
 
)sin(2 

d
                    (3.1) 
 
where: 
λ is the wavelength of x-rays,  
d is the d-spacing between clay layers, and 
θ is half of the diffraction angle 
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Figure 3.8. XRD curve showing the diffraction angle used in Brag‟s law.  
 
3.6.3 Optical Microscope 
ZEISS optical microscope was used to investigate the clay distribution within the 
nanocomposites. This optical microscope has a 6-lens nose which work on reflected and 
transmitted mode with a magnification range of 25-1000X. The analyzed specimens were 
cut from the sheet of nanocomposites, ground with silicon carbide paper and polished 
using rotating discs.   
 
3.6.4 Scanning Electron Microscope (SEM) and EDS Analyses 
TSM-6460 high resolution scanning electron microscope with a magnification range of 8-
300,000X was used to inspect the surface of neat epoxy and nanocomposite. The electron 
gun of this SEM has a voltage between 0.3 to 30 kV with precentered tungsten hairpin 
filament. The surfaces of the specimens were coated with gold using a JEOL Fine Coat 
Ion Sputter JFC-1100 sputtering equipment to make the surface of the sample electrically 
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conductive. In some cases, the SEM micrograph was transferred to Energy Dispersive 
Spectroscopy (EDS) to determine the elemental composition used to identify the various 
sites in the nanocomposite structure. 
 
3.6.5 Transmission Electron Microscope (TEM) 
During this study, TITAN 80-300 TEM having accelerating voltage of 300 kV and 
information limit less than 0.1 nm was used to reveal the nanostructure of the resultant 
nanocomposites. The work was conducted in the nanobiology laboratory at KAUST, 
KSA. First, small samples (3×3×10 mm) were cut from the sheets of the nanocomposites 
and moved to the trimming machine to trim the surface and the edge of the 3×3 mm 
surface of the samples using Leica EM TRIM2 equipment. This is a high speed milling 
system with an integrated stereomicroscope and LED ring illuminator for trimming the 
samples prior to ultramicrotomy. After that the samples were moved to Leica EM UC6 
ultramicrotome to cut specimens in 150 nm thicknesses using a diamond knife. The 
resulting ultrathin foils are then moved to the TEM for inspection.  
 
3.7 Water and Oil Uptake of Epoxy and Nanocomposites 
Neat epoxy and nanocomposites specimens prepared according to ASTM D 570 standard 
[38] were immersed in water and crude oil at room temperature and the change in the 
specimen‟s weight with time was periodically recorded. According to this standard the 
dimension of the specimen is 76.2 mm long and 25.4 mm wide, the thickness of the 
specimen prepared was around 2.5 mm. 
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3.8 Mechanical Properties Testing (Tensile Test) 
The tensile tests of neat epoxy and nanocomposites specimens were performed using 
Instron testing machine according to ASTM D638-94b standard [38]. Type V was used 
since the specimens dimensions of this type can be developed from the specimens for the 
water and crude oil exposure tests. According to this standard the dimension of dumbbell-
shaped tensile test specimen are 63.5 mm overall length, 9.53 mm length of the reduced 
section, 9.53 mm overall width and 3.18 mm width of the reduced section as shown in 
Figure 3.9. The radius of fillet is 12.7 mm and the thickness of the specimen is 2.5 mm. 
The specimens have been cut using CNC milling machine and the surfaces of the 
specimens were smoothed using silicon carbide abrasive paper. The specimens were then 
mounted on the Instron machine and constant crosshead movement of 1 mm/min was 
applied until the specimen fractured. At least 4 specimens were prepared and tested for 
each type of neat epoxy and nanocomposites before and after exposure to water and crude 
oil. 
 
 
Figure 3.9 Shape and dimensions of tensile specimens according to ASTM D638 
standard, type V, the dimensions are in mm. 
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CHAPTER FOUR 
RESULTS AND DISCUSSIONS 
 
4.1 Introduction 
In epoxy-clay nanocomposites, the final structure depends on curing and mixing routes 
followed in synthesizing the nanocomposites. Therefore, this chapter starts by presenting 
and discussing the results dealing with optimum curing conditions for the epoxy and 
hardener used in this study, followed by the results about optimum high shear mixing 
speed and mixing time. Then the influence of I.30E clay loading on the structural 
morphology, mechanical and thermal properties of the resultant nanocomposites was 
analyzed. After that, four types of nanoclay (I.30E, I.28E, C10A and C15A) and three 
different mixing techniques were explored and the influences on morphologies and 
properties of the nanocomposites were discussed.  
 
An important part of this chapter is dedicated to the analysis of the ability of nanoclay 
addition to inhibit water and oil ingress into the nanocomposites.  This is followed by the 
results and discussion of moisture and oil uptake effect on the thermal and mechanical 
properties of the resultant nanocomposites. Finally, the applicability of water diffusion 
models to the present case was studied.  
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4.2 Optimizing the Curing Process 
Epoxy resins are very convenient polymer materials because of their good mechanical, 
thermal, and electrical properties. It is well known that physical and mechanical 
properties during the working life of epoxy are greatly affected by the structure of the 
whole system [84]. This depends mainly on the curing conditions and selected type of 
epoxy and hardener. The two main factors of curing that affect the properties of epoxy 
are the temperatures and durations at which the epoxy has been pre-cured and post-cured. 
During the thermal curing of epoxy, the sample changes from a low-molecular weight 
liquid mixture to a highly crosslinked network. The molecular mobility in the system 
decreases as the curing reaction proceeds. Curing process of a resin system is the most 
controlling step during the fabrication of thermosetting matrix composites including 
nanocomposites [85-87]. The curing process is important for the integrity of the epoxy 
system because it affects the degree of crosslinking and hence the glass transition 
temperature.  
 
4.2.1 Optimizing the Curing Process of Epoxy  
 In this section, the effect of pre-cuing and post-curing temperatures and durations on the 
degree of crosslinking for the Araldite GY 6010 epoxy with IPDA hardener have been 
studied to determine the optimum curing temperatures and duration for this epoxy and 
hardener. The differential scanning calorimeter (DSC) was used to determine the glass 
transition temperature (Tg), which is considered as an indicator of the degree of curing 
and crosslinking.  
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The effect of pre-curing and post-curing temperatures on Tg and hence on the degree of 
curing, was first investigated. For this purpose eighteen samples have been prepared as 
listed in Table 3.2; the curing time was kept constant at two hours for all of these 
samples. Figure 4.1 shows six DSC curves for the samples that have been pre-cured for 2 
hours at different temperatures without any post-curing. These results show that all pre-
cured samples display a clear sudden drop of heat flow followed by an exothermic hump 
due to additional crosslinking of the samples during the DSC test. This exothermic hump 
and the additional crosslinking indicate that the samples were not adequately cured 
during the pre-curing process. As can be seen in the figure, the size of the exothermic 
hump decreased with raising pre-curing temperature indicating an improvement in the 
degree of crosslinking. Figure 4.2 shows that the Tg increases almost linearly with the 
pre-curing temperature from 98
o
C for the sample pre-cured at 80
o
C to 155
o
C for the 
sample pre-cured at 150
o
C. After that, the improvement in the Tg with increasing pre-
curing temperature was negligible and small reduction in Tg for the sample pre-cured at 
200
o
C was observed, which may be attributed to degradation of epoxy resin as will be 
explained later.  
 
However, this clear effect of pre-curing temperature has diminished when post-curing at 
elevated temperature was used. For example, Figure 4.3 illustrates the DSC diagrams for 
two samples that have been pre-cured at 100
o
C and 120
o
C while post-cured at the same 
temperature of 180
o
C for the same duration of 2 hours. The analysis shows that both 
samples have approximately attained similar degree of curing with slight improvement in 
Tg for the sample that has been pre-cured at 100
o
C. Similarly, when comparing the Tg of 
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four samples that have been pre-cured at different temperatures of 80, 100, 120, and 
150
o
C, and then post-cured at the same temperature of 170
o
C, it has been observed that 
the sample that was pre-cured at 100
o
C produced the highest Tg as listed in Table 4.1. As 
a consequence, the optimum pre-curing temperature was considered to be 100
o
C. 
 
 
 
 
Figure 4.1. DSC curves for six samples pre-cured for 2 hours at the indicated 
temperatures 
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Figure 4.2. Variation of Tg with pre-curing temperature (curing time 2 hours).  
 
 
 
Figure 4.3. DSC curves for two samples post-cured at 180
o
C and pre-cured  
at the indicated temperature. 
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The effect of intermediate curing temperature has also been explored. Figure 4.4 
illustrates the DSC curve for two samples that have been pre-cured at 100
o
C. One of 
these samples was then post-cured at 180
o
C while the other was cured at an intermediate 
temperature of 140
o
C and then post-cured at 180
o
C. The curing duration at each 
temperature was 2 hours. As illustrated in the figure and Table 4.1, the glass transition 
temperatures and hence the degree of curing was the same for both samples (Tg=161
o
C). 
Similar results were found for other samples that have been cured at intermediate 
temperature as listed in Table 4.1. These outcomes indicate that the intermediate curing 
temperature has negligible effect on the curing of the epoxy used in this study, hence no 
intermediate curing was done for all the remaining samples. 
 
 
 
Figure 4.4. DSC curves illustrating the effect of intermediate curing. 
 
 75 
To study the effect of curing time on the degree of crosslinking 11 samples were prepared 
at the same pre-curing and post-curing temperatures with different durations, as listed in 
Table 3.3. Figure 4.5 displays DSC diagrams for two samples that have been pre-cured at 
100
o
C for different durations (1 and 3 hours) without any post-curing. The results 
indicated that the Tg increased from 101°C for the sample pre-cured for 1 hour to 120°C 
for the sample pre-cured for 3 hours.  However, after post-curing this obvious effect of 
pre-curing time was diminished as illustrated in Figure 4.6, which shows the effect of 
curing time (1/2, 1 & 3 h) for three samples that have been pre-cured at 100
o
C and post-
cured at 170
o
C. The results showed that the Tg increased from 149
o
C to 161
o
C when the 
curing time increased from 0.5 to 1 hour for each pre-curing and post-curing. Whereas, 
beyond one hour of curing there is no improvement in Tg; the two samples cured for one 
and three hours have almost the same Tg values of 161
o
C and similar results have been 
observed for other samples post-cured at different temperatures as listed in Table 4.2. 
This indicates that after one hour of pre-curing and post-curing no additional crosslinking 
occurred and hence one hour duration for each pre-curing and post-curing temperatures 
was considered to be sufficient for producing adequate cured samples. 
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Table 4.1. Effect of pre-curing and post-curing temperatures on glass transition 
temperature (curing duration was 2 hours). 
Sample 
pre-curing      
Temperature (
o
C)  
post-curing 1   
Temperature (
o
C) 
post-curing 2   
Temperature (
o
C) 
Tg (
o
C) 
1 80   98 
2 
80 
120 180 160 
3 170  160 
4 180  160 
5 100   115 
6 
100 
150  148 
7 170  161 
8 140 180 161 
9 180  161 
10 120   133 
11 
120 
150  147 
12 150 180 160 
13 170  160 
14 180  160 
15 150   155 
16 150 170  160 
17 180   158 
18 200   156 
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Figure 4.5. DSC curves for two samples pre-cured at 100
o
C for different durations. 
 
 
 
Figure 4.6. DSC curves showing the effect of curing time for three samples pre-cured at 
100
o
C and post-cured at 170
o
C. 
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Table 4.2. Influence of pre-curing and post-curing times on glass transition temperature.  
Sample 
pre-curing                    
Temperature (
o
C) :  Time (h) 
post-curing            
Temperature (
o
C)  :   Time (h) 
Tg (
o
C) 
1 
100 
1   101 
2 2   115 
3 3   120 
4 0.5 170 0.5 149 
5 1 180 1 161 
6 1 170 1 161 
7 1 170 3 161 
8 1 180 3 161 
9 3 170 3 161 
10 3 180 3 161 
11 3 180 1 161 
 
To determine the optimum post-curing temperature six samples have been prepared as 
listed in Table 3.4. All samples have been pre-cured at 100
o
C but the post-curing was 
carried out at different temperatures as listed in the table. All samples have been pre-
cured and post-cured for one hour at each temperature. As can be seen from the DSC 
curves in Figure 4.7, Tg increases with raising post-curing temperature up to 170
o
C but 
decreases after that. This effect of post-curing temperature is evidenced in Figure 4.8 and 
in Table 4.3. The optimum degree of curing seems to occur at 170
o
C. The reduction in Tg 
for samples post-cured beyond 170
o
C may be attributed to the starting of polymer 
degradation which was clear from color change from white to brown; the sample post-
cured at 200
o
C developed a golden brown color.  
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Therefore one can conclude from the above findings, that the optimum curing conditions 
for the epoxy and hardener used in this study are attained at pre-curing and post-curing 
temperatures of 100
o
C and 170
o
C, respectively for one hour each. 
 
 
Figure 4.7. DSC curves for samples pre-cured at100
o
C while post-cured at the indicated 
temperature. 
 
Table 4.3. The effect of post-curing temperatures on glass transition temperature. 
Sample 
pre-curing                    
Temperature (
o
C)  
post-curing              
Temperature (
o
C)   
Tg (
o
C) 
1 
100 
150 148 
2 160 157 
3 170 161 
4 180 161 
5 190 160.5 
6 200 160 
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Figure 4.8. Variation of Tg with post-curing temperature for the samples pre-cured at 
100
o
C for one hour. 
 
4.2.2 Optimizing the Curing Process of Epoxy-Clay Nanocomposites 
After determining the optimum curing conditions for neat epoxy, we need to investigate 
if these optimum conditions apply also for epoxy-clay nanocomposites and determine the 
effect of nanoclay addition on Tg. For this purpose and based on the above results three 
samples were prepared by ultrasonication using 2 wt.% of I.30 E nanoclay as explained in 
chapter three. All the samples were pre-cured at 100
o
C and post-cured at 3 different 
temperatures (160, 170 and 180
o
C), for one hour each. The DSC curves of Figure 4.9 
show that the degree of curing has been improved when the post-curing temperature 
increased from 160 to 170
o
C; the Tg increased from 154 to 158
o
C. Whereas no 
improvement in the degree of curing when the post-curing temperature increased to 
180
o
C. Therefore the optimum curing condition for nanocomposites was considered to be 
similar to that of neat epoxy.  
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Similar to what was reported by a number of researchers [6,13,44], the addition of 
nanoclay led to a small reduction in the glass transition temperature from 161
o
C for neat 
epoxy to 158
o
C for nanocomposite. This reduction in the Tg can be explained by the 
lower cross-linking density in the galleries between the silicate layers and to the negative 
effect of clay as a barrier that decreases the cross linking density. It should be mentioned 
that other studies showed improvement in Tg with nanoclay addition [9,10], while others 
found that the addition of nanoclay to epoxy matrix has almost no effect on the Tg [64]. 
In fact, the increase or decrease of Tg seems to depend mainly on the type of nanoclays 
used to synthesize the nanocomposites as will be explained later which agreed well with 
the results reported by Xidas and Triantafyllidis [9]. 
 
It was observed that during the processing of the nanocomposites the polymerization 
process occurring after adding the hardener to the mixture of clay and epoxy monomer 
started earlier compared with neat epoxy. This is similar to what was observed by 
Bagherzadeh and Mahdavi [43] and Wang and Qin [44] which attributed to the early 
polymerization due to the presence of alkylammonium cations of I.30E nanoclay with the 
strong polarity of the N–H groups in the amines. Chin et al. [88] also reported that the 
functional groups in the alkylammonium cations may react with the polymer or initiate 
polymerization of monomers. 
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Figure 4.9. DSC curves for nanocomposites pre-cured at 100
o
C and post-cured at the 
indicated temperature. 
 
4.3 Optimization of High Shear Mixing Parameters 
After finding the optimum curing conditions for pure epoxy and nanocomposite the study 
concentrated on determining the optimum mixing speed and mixing time using high shear 
mixing technique. Two characteristics are used to evaluate the degree of nanoclay 
dispersion into epoxy matrix; the size of the clay particles and the intergallery spacing (d-
spacing) between the clay layers.  
 
4.3.1 Effect of Mixing Speed 
The induced shear force during high shear mixing proportions with the mixing speed. The 
generated shear force decreases the size of the nanoclay particles by splitting the particles 
and increases the interlayer spacing in the clay particles by forcing the epoxy monomer 
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into the galleries between the clay layers. To determine the effect of mixing speed on the 
degree of clay dispersion six samples of nanocomposites were prepared with different 
mixing speeds (500-8000 rpm) as listed in Table 3.5. It was observed that at low mixing 
speeds of 500 and 1000 rpm, the generated shear forces and vortices were not adequate 
enough to properly blend the mixture and hence these samples were excluded from 
further analysis. Figure 4.10 shows optical micrographs for neat epoxy and 
nanocomposites prepared at different mixing speeds for 30 minutes. The clay aggregates 
appear as dark spots in all nanocomposite micrographs. The average size of the 
aggregates (Figure 4.10b-e) seems to decrease with increasing mixing speed. 
 
The effect of mixing speed on the clay dispersions was further analyzed by SEM 
micrographs as shown in Figure 4.11. As can be seen in the figure, the nanocomposite 
micrographs are characterized by scattered whitish nodular features representing clusters 
of agglomerated clay. The size of the largest clay aggregates decrease from about 50 µm 
at 2000 rpm to less than 20 µm at 6000 rpm (Figure 4.11); no further reduction in the 
cluster size was observed for the sample mixed at 8000 rpm (Figure 4.11-d). At this high 
speed the viscosity of the epoxy solution may be reduced due to the increase in 
temperature and bubbles generated during mixing.  
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Figure 4.10. Optical micrographs of (a) pure epoxy and nanocomposites mixed for 30 
min with different high shear mixing speeds: (b) 2000 rpm, (c) 4000 rpm,  
(d) 6000 rpm and (e) 8000 rpm. 
 
b c 
d e 
a 
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Figure 4.11. SEM micrographs (X300) for nanocomposites mixed for 30 min at (a) 2000 
rpm, (b) 4000 rpm, (c) 6000 rpm and (d) 8000 rpm. 
 
XRD was then used to investigate the effect of high shear mixing speed on the 
nanocomposite structures; precisely the degree of intercalation/exfoliation of the clay 
layers in the nanocomposites. Figure 4.12 shows the full spectra x-ray diffraction of I.30E 
clay powder, neat epoxy and nanocomposites mixed using different mixing speeds. As 
illustrated in the figure, the diffraction angle for the clay powder was 4.0
o
 resulting in a d-
spacing of 2.2 nm. This value of d-spacing of the clay powder is similar to that reported 
in other studies for the pristine I.30E clay [5,50].  
 
a 
c 
b 
 d     
a b 
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To have a better estimation of the diffraction angles for prepared nanocomposites, the 
data in Figure 4.12 was re-plotted in Figure 4.13 with 2 varying between 2 and 10o. As 
illustrated in Figure 4.12, the peak of the clay powder (2=4o) is prominent and sharp, 
indicating large clay particles the layers of which are highly ordered stacks. However, no 
peaks are observed for neat epoxy confirming the amorphous nature of the material 
structure. Meanwhile, observable peaks are present for the nanocomposites with 
intensities lower than that for clay powder. The angular positions of the nanocomposites 
peaks are less than that of the clay powder and decreased with increasing high shear 
mixing speed indicating higher d-spacing as illustrated in Table 4.4.  
 
The variations of d-spacings and peaks relative intensities with the high shear mixing 
speed are illustrated in Figure 4.14. As can be seen in the figure, the d-spacings increased 
with increasing mixing speed indicating that more chains of epoxy molecules have 
diffused into the intergallery between the clay layers. Whereas, the peaks relative 
intensity decreased with increasing mixing speed indicating less orderly clay layers were 
present in each clay tactoids, which means that the sizes of clay tactoids and clay 
particles which remain in orderly stack after mixing are smaller. As shown in Figure 
4.14, the maximum d-spacing and minimum peaks intensity were for the nanocomposite 
prepared at high shear mixing speed of 6000 rpm. The reduction in the d-spacing and 
increase in the peaks intensity for 8000 rpm can be attributed to the decrease in the 
viscosity of the epoxy solution that results from the observed increase in temperature and 
bubbles generated during mixing. This reduction in the viscosity leads to a decrease in 
the shear force during high shear mixing of epoxy and clay. The above findings 
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combined with SEM results lead to the conclusion that the optimum clay dispersion was 
achieved at the high shear mixing speed of 6000 rpm. 
 
  
Figure 4.12. XRD spectra for clay powder, neat epoxy and nanocomposites prepared at 
different high shear mixing speeds. 
 
 
Figure 4.13. XRD spectra for neat epoxy and nanocomposites prepared at different 
mixing speeds. 
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Table 4.4. Diffraction angles and d-spacing for clay powder and nanocomposites 
prepared using different mixing speeds. 
Samples Diffraction Angles (
o
) d-spacing (Å) 
I.30E Clay 4.0 22.07 
Sample mixed at 2000 (rpm) 3.56 24.80 
Sample mixed at 4000 (rpm) 3.46 25.52 
Sample mixed at 6000 (rpm) 3.16 27.94 
Sample mixed at 8000 (rpm) 3.3 26.75 
 
 
 
 
Figure 4.14. Variations of d-spacings and peak relative intensities at the diffraction angles 
with mixing speeds. 
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4.3.2 Effect of Mixing Time 
After determining the optimum mixing speed at mixing time of 30 minutes, 5 samples of 
nanocomposites have been prepared to find the mixing time for the optimum dispersion 
of the Nanomer I.30E in DGEBA epoxy. These samples were processed using the 
optimum high shear mixing speed of 6000 rpm and mixing times were varied from 15 to 
90 minutes as listed in Table 3.6. Figure 4.15 shows the optical micrographs for these 
nanocomposites. It can be seen from this figure and from the SEM micrographs of Figure 
4.16 that the size of the clay aggregate decreased with increasing mixing time indicating 
an improvement in the degree of clay dispersion. The clay aggregates seem to be broken 
down with increasing mixing time. The size of the largest clay cluster decreased from 
about 50 µm for 15 min to less than 15 µm for 60 min. Beyond 60 min the improvement 
in the degree of clay dispersion was found to be negligible.  
 
The dispersion of clay inside the nanocomposites can be further investigated by 
increasing the magnification of the SEM micrographs. Figure 4.17(a) & (b) display 
magnified SEM micrographs for nanocomposite prepared at 6000 rpm for 60 minutes. 
The micrographs reveal that only some of the clay aggregates are in the order of 10 µm in 
size while the majority of clay aggregates have sizes less than 5 µm.  
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Figure 4.15. Optical micrographs for nanocomposites prepared at 6000 rpm for (a) 15 
min, (b) 30 min, (c) 45 min, (d) 60 min and (e) 90 min. 
 
 b 
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Figure 4.16. SEM micrographs (X300) for nanocomposites prepared at 6000 rpm for (a) 
15 min, (b) 30 min, (c) 45 min, (d) 60 min (e) and 90 min. 
 
 
 b 
 a 
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Figure 4.17. Magnified SEM micrographs of nanocomposites prepared at 6000 rpm for 
60 min; (a) 600 times and (b) 1000 times 
 
The x-ray diffraction spectra curves for nanocomposites prepared at different mixing 
times are shown in Figure 4.18. The variation of diffraction angles and the d-spacings 
with mixing time is illustrated in Table 4.5. The effect of mixing time on d-spacing and 
relative intensity at the diffraction angles is expressed graphically in Figure 4.19. As can 
be seen in the figure, increasing the mixing time led to increasing the d-spacing and 
hence improving the degree of clay dispersion. The d-spacing increased from 22.07 Å for 
the clay powder to 28.94 Å for the sample mixed for 60 minutes. The improvement in the 
d-spacing when the mixing time increased to 90 min was negligible as clear from Figure 
4.19. Similarly, the relative intensities at the diffraction angles reduced with increasing 
the mixing time indicating an improvement in the degree of clay dispersion as shown in 
Figure 4.19. The above findings lead to the conclusion that the optimum clay dispersion 
at 6000 rpm was achieved with mixing time of 60 minutes.  
 
 a b 
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The improvements in intergallery spacings with mixing speed and mixing time was also 
reported in previous studies [45,55]. Adinoyi et al. [45] prepared nanocomposites using 
the same epoxy and clay used in this study and showed that the d-spacing increased from 
26.7 to 27.7 Å when the sonication time increased from 5 to 30 minutes. Ngo et al. [55] 
used high speed mixing technique and found that the d-spacing for nanocomposites 
containing 2% of C30B clay increased from 38.6 to 40.1 Å when the mixing speed 
increased from 1,000 to 24,000 rpm, respectively.   
 
To investigate the effect of mixing speed and mixing time on the crosslinking density, 
glass transition temperatures were determined for all prepared nanocomposites using 
differential scanning calorimeter (DSC). The DSC results in Table 4.6 show that similar 
to what was reported by Ngo et al. [55], Tg is barely sensitive to mixing time and mixing 
speed. 
 
Figure 4.18. X-ray diffraction spectra for nanocomposites prepared using different 
mixing times. 
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Table 4.5. Diffraction angles and d-spacings for clay and nanocomposites prepared to 
determine proper mixing time. 
Samples Diffraction angles (
o
) d-spacing (Å) 
I.30E Clay 4.0 22.07 
Sample mixed for 15 (min) 3.2 27.59 
Sample mixed for 30 (min) 3.16 27.94 
Sample mixed for 45 (min) 3.09 28.57 
Sample mixed for 60 (min) 3.05 28.94 
Sample mixed for 90 (min) 3.045 28.99 
 
 
 
Figure 4.19. Variation of d-spacing and relative intensity at the diffraction angles with 
mixing time. 
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Table 4.6. Glass transition temperatures for nanocomposites prepared with different 
mixing parameters. 
 Epoxy-Clay Nanocomposites 
Mixing Speed 
(RPM)  
2000 4000 6000 8000 6000 6000 6000 6000 
Mixing Time 
(min) 
30 30 30 30 15 45 60 90 
Tg  (
o
C) 145 144 145 145 145 148 146 147 
 
4.4. Effect of Clay Loading 
After determining the optimum high shear mixing speed and mixing time at clay loading 
of 2%, the work concentrated on investigating the effect of clay loading on the 
microstructure, mechanical and thermal properties of the nanocomposites. To study the 
effect of clay loading, 5 samples of nanocomposites have been prepared with clay loading 
of 1, 2, 3.5, 5 and 10 % of I.30E nanoclay.  During the fabrication of these samples the 
optimum mixing speed and mixing time have been used. 
 
4.4.1 Effect of Clay Loading on Glass Transition Temperature 
DSC was used to determine the effect of clay loading on the Tg, which is considered as an 
indication of the degree of curing. As illustrated in Figure 4.20, Tg decreased almost 
linearly with the percent of clay loading; from 152
o
C for neat epoxy to 135
o
C for 
nanocomposite containing 10% of clay loading. As have been mentioned previously, the 
reduction in the Tg can be attributed to the low crosslinking density in the galleries 
between the clay layers and to the negative effect of clay layers as a barrier that decreases 
the crosslinking density. Therefore, the decrease of Tg with clay loading can be related to 
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the increase of epoxy molecules having low crosslinking density between the clay layers 
within the tactoids of clay and the reduction in the crosslinking density outside the 
tactoids due to barrier properties of the clay layers.  
 
The decrease in the glass transition temperature with increasing clay loading has been 
reported in other studies [9,61,89]. Xidas and Triantafillidis and Triantafillidis et al. 
[9,89] attributed the reduction in Tg with increasing clay loading to the increasing 
concentration of the long-chain organic modifier within the polymer matrix which act as 
a plasticizer. Another explanation for the reduction in Tg is based on the modification in 
the stoichiometry between epoxy and curing agent due to the catalytic effect of organic 
modifier. Therefore, not all the curing agent groups are crosslinked with the epoxy 
monomer and the unreacted quantity of curing agent acts as a plasticizer which leads to 
decrease Tg [61].  
 
Figure 4.20. Variation of glass transition temperature with clay loading.  
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4.4.2 Microstructure Examination  
Figure 4.21 shows optical micrographs for the nanocomposites containing different 
percent of clay loading. As illustrated in the figure, the size of the clay clusters increased 
with raising clay loading. As clear from Figure 4.21 (a) & (b), the difference in the sizes 
of the agglomerated clay clusters for nanocomposites containing 1% and 2% of clay 
loading were small. However obvious increase in the sizes of the agglomerated clay 
clusters was observed when the clay loadings were increased as illustrated in Figure 4.21 
(c) to (e) especially for the nanocomposite containing 10 % clay loading, where the sizes 
of the agglomerated clay clusters are about 70 µm. The size of the large agglomerated 
clay clusters will be more extensively investigated in the section dealing with 
fractographic analysis.  
 
The XRD curves for the nanocomposites containing different clay loadings are shown in 
Figure 4.22. As indicated in the figure, the peaks for all nanocomposites occur at around 
3
o
 and their intensities increase with clay content. The diffraction angles and the d-
spacings for these samples are listed in Table 4.7 and Figure 4.23 shows the variation of 
d-spacing and intensity with clay loading. The results indicate that while the clay loading 
has a very limited effect on d-spacing, the relative intensity seems to be more sensitive to 
the clay loading. As explained earlier, the increase in the relative intensity at the 
diffraction angles may be attributed to more number of clay layers stacked together in the 
clay tactoids and hence larger size of agglomerated clay clusters. In addition to the size of 
clay aggregates, the increase in the relative intensity can be mainly explained by the 
higher percent of clay loading. The increase in the intensities with clay loading have been 
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reported in a number of previous studies [16,21,59] and a noticeable reduction in the d-
spacing with raising clay loading has been reported in other studies [12,16,27].  
 
For the samples that have been degassed at 100
o
C for the first 2 hours of the degassing 
process to improve and accelerate the degassing process, no peak was observed in the 
XRD curves as shown in Figure 4.24. In general, the absence of diffraction peaks could 
be attributed to two possible reasons: (a) exfoliated structure or (b) disordered 
intercalated structure with an average interlayer spacing higher than 7 nm [48]. As will be 
demonstrated using TEM the resultant morphology of these nanocomposites was 
exfoliation and disordered intercalation. This obvious morphological improvement that 
resulted from raising the degassing temperature call attention to the temperature effect on 
clay dispersion. Raising the temperature enhances the diffusion of epoxy monomer into 
the intergallery between clay layers and between clay tactoids within the clay clusters.  
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Figure 4.21 Optical micrographs for nanocomposites containing different clay loading (a) 
1 %, (b) 2 %, (c) 3.5 %, (d) 5 % and (e) 10 %. 
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Figure 4.22. X-ray diffraction spectra curves for neat epoxy and nanocomposites 
prepared with different percent of clay loading.  
 
Table 4.7. Diffraction angles and d-spacings for nanocomposites containing different clay 
loadings. 
Samples Diffraction Angles (
o
) d-spacing (Å) 
I.30E Clay 4.0 22.07 
Nanocomposite 1 % 3.05 28.94 
Nanocomposite 2 % 3.05 28.94 
  Nanocomposite 3.5 % 3.06 28.85 
Nanocomposite 5 % 3.06 28.85 
  Nanocomposite 10 % 3.08 28.66 
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Figure 4.23. Variation of d-spacing and relative intensity at the diffraction angles with 
clay loading. 
 
 
Figure 4.24. XRD spectra for neat epoxy and nanocomposites (degassed at 100
o
C for 2 
hours). 
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For more detailed examination of clay loading effect on the structural morphology of the 
nanocomposites at the nanoscale, transmission electron microscopy (TEM) was used. 
Figures 4.25 to 4.30 display TEM images for neat epoxy and nanocomposites containing 
different percent of clay loading at different magnifications. As can be seen from 
micrographs (a) & (b) in Figures 4.26 to 4.30, the amount and size of agglomerated clay 
clusters depend on the clay loading. At low nanoclay loading (1%) the size of 
agglomerated clay clusters was small, as the nanoclay loading increased from 1 to 10% 
the nanoclay particles tend to agglomerate more extensively and result in the formation of 
larger size clusters and higher density. Micrographs (c) and (d) in Figures 4.26 to 4.30 
taken within agglomerated clay clusters areas reveal that epoxy materials has entered 
these clay particles separating each tactoid of clay layers with good adhesion between 
nanoclay and epoxy matrix. Micrographs (e) and (f) in Figures 4.26 to 4.30 illustrate that 
epoxy has interred the gallery between clay layers leading to the observed increase in d-
spacing. 
 
Excluding micrographs (d) and (e) of Figure 4.26 and all images of Figure 4.30 that were 
taken from the samples degassed at 65
o
C, all the remaining magnified TEM micrographs 
have been taken from the samples that degassed at 100
o
C for 2 hours during the 
degassing process. As shown in these micrographs, the morphologies of all 
nanocomposites degassed at 100
o
C for 2 hours during the degassing process were 
disordered intercalation with some exfoliation, which explained the absence of the peak 
in the XRD curves for these nanocomposites. However, ordered intercalation is clear 
from micrographs (e) in Figure 4.26 and (f) in Figure 4.30, which have been taken from 
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the samples degassed at 65
o
C. The estimated values of d-spacings for the ordered 
intercalated structure were around 3 nm which support the outcome of the XRD analysis 
(Table 4.7) since the ordered intercalated structures are the ones producing the diffraction 
peaks. The temperature effect on the cay dispersion is more obvious by comparing 
Micrographs (e) and (f) in Figure 4.26; micrograph (e) degassed at 65
o
C shows ordered 
intercalation while (f) degassed at 100
o
C for 2 hours during the degassing process 
illustrates exfoliation and disordered intercalation morphologies. Based on this outcome 
all the remaining nanocomposites prepared in this study were degassed at 100
o
C for 2 
hours during the degassing process. 
 
Disordered intercalation morphologies with d-spacing varying from 3 to 15 nm are 
apparent in all TEM images taken from the sample degassed at 100
o
C for 2 hours, as 
shown from the arrows. Exfoliated morphology is more obvious in micrographs (f) of 
Figures 4.27 and 4.28. The d-spacing and the degree of clay dispersion changed from one 
location to another of the same nanocomposite as illustrated by comparing micrographs 
(e) and (f) in Figure 4.27.  
 
The white spots in some TEM micrographs are believed to represent small entrapped 
voids as a result of incomplete degassing. The amount and size of these spots increase 
with increasing clay loading which are obvious in micrographs (c) in Figures 4.29 and 
4.30. The increase in the voids can be attributed to the difficulty of degassing due to the 
increase in the mixture viscosity with raising clay loading, which can give an explanation 
for the reduction in the tensile strength with increasing clay loading as will be shown 
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later. These types of nanovoids in the TEM micrographs have been reported by Hussain 
et al. [12]. Liu et al. [21] attributed the white spots to the cracks generated during the 
cutting of TEM slices as a result of the difference of the hardness between clay and 
epoxy.  
 
 
 
 
 
 
 
Figure 4.25. TEM micrograph for neat epoxy.  
 
 
  5 µm 
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Figure 4.26.  TEM micrographs for the nanocomposite containing 1 % of clay loading 
with different magnification at different locations; (a), (b), (c) and (f) are taken from 
nanocomposite degassed at 100
o
C for 2 hour of degassing while (d) and (e) are taken 
form nanocomposite degassed at 65
o
C.  
 200 nm 
 5 µm 5 µm 
Ordered intercalation 20 nm 20 nm 
50 nm 
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a   b 
f 
d c 
 106 
    
 
    
 
    
 
Figure 4.27. TEM micrographs for the nanocomposite containing 2 % of clay loading 
with different magnification at different locations. 
500 nm 100 nm 
5 µm 5 µm 
20 nm 20 nm 
 a  b 
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Figure 4.28. TEM micrographs for the nanocomposite containing 3.5 % of clay loading 
with different magnification at different locations. 
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Figure 4.29. TEM micrographs for the nanocomposite containing 5 % of clay loading 
with different magnification at different locations. 
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Figure 4.30. TEM micrographs for the nanocomposite containing 10 % of clay loading 
with different magnification at different locations. 
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4.4.3 Effect of Clay Loading on Mechanical Properties 
Tensile tests have been conducted to determine the mechanical properties of the neat 
epoxy and nanocomposites prepared with optimum high shear mixing parameters. The 
representative stress-strain curves for neat epoxy and nanocomposites containing 
different percent of clay are displayed in Figure 4.31. Table 4.8 lists the average values 
and standard deviations of tensile strength, modulus of elasticity and fracture strain for 
neat epoxy and nanocomposites. As shown in Figure 4.31, the tensile strengths were 
found to be same as the fracture strengths for all specimens. The variations of tensile 
strength with the clay loading illustrated in Figure 4.32 is similar to that reported by 
Hussain et al. [12], where the strength increased for the nanocomposite containing 1% 
nanoclay and then decreased with raising clay loading. The tensile strength increased on 
the average by 7% for the nanocomposite containing 1% of clay, however, a drastic 
reduction in strength was observed when the clay loading increased beyond 2%; up to 
28% reduction for nanocomposite containing 5% of clay. The increase in the tensile 
strength at low percent of clay loading and the strength decrease with increasing clay 
loading have also been reported by Xidas et al. and Daniel et al. [9,72]. Other studies 
reported that the tensile strength of nanocomposite was lower than that of neat epoxy and 
decreased with increasing clay concentration [7,48]. Other researchers, however, found 
an improvement in the tensile strength with raising clay loading [2,3].  
 
The decrease in the tensile strength for nanocomposites can be attributed to the increase 
in the size and number of agglomerated clay clusters as demonstrated from the optical 
microscope (Figure 4.21) and TEM micrographs (micrographs (a) in Figures 4.26 to 
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4.30). The presence of these clusters acted as stress raisers leading to reduction in tensile 
strength. This effect will be investigated further using fractographic analysis. In fact, the 
agglomerated clay clusters act as preferred sites for crack initiation that will lead to 
premature failure since the clay has a much greater modulus than the epoxy, hence stress 
concentrations may have existed at the interfaces of the clay cluster and epoxy matrix. 
Therefore, under tensile loading, cracks can initiate at those weak points and cause the 
specimen to fail at relatively low strength and at low fracture strains [50].  
 
Another possibility for the decrease in the tensile strength was the difficulty to properly 
degas the mixture of clay and epoxy as a result of the increase in mixture viscosity 
especially when the clay loadings are high (5 & 10%). Figure 4.33 shows micrographs of 
tensile fracture surface for the nanocomposite containing 5% of clay loading, which 
illustrates that the crack was initiated at a micro-void. This explains the high reduction in 
the tensile strength for the nanocomposite containing 5% of clay loading.  
 
The variations of modulus of elasticity and fracture strain with the clay loading are 
illustrated in Figure 4.34. The addition of clay improved the modulus of elasticity from 
an average 2.54 GPa for neat epoxy to 3.61 GPa for nanocomposite containing 10% of 
clay. As can be seen in the figure, the average modulus increased linearly with percent of 
clay up to 5% and seems to be saturated after that. The addition of nanoclay, however, 
leads to a decrease in the fracture strain as displayed in Figure 4.34. The fracture strain 
decreases from 6.02 % for epoxy to 5.18 % for nanocomposite containing 1% of clay 
loading. The fracture strain decrease almost linearly with increasing the clay loading up 
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to 5 %; after that the effect of clay loading on the strain fracture was negligible. The 
improvement in the elastic modulus and reduction in the strain to failure are typical for 
the polymer-clay nanocomposites [2,59]. The improvement in elastic modulus can be 
attributed to the dispersion of nanolayer clay that possess high elastic modulus which 
restricts the mobility of polymer chains during loading as well as to the good interfacial 
adhesion between the clay particles and the epoxy matrix [7,48]. While the reduction in 
fracture strain may be attributed to the same defects as those of tensile strength. It can be 
observed from Figures 4.32 and 4.34 that the clay content effect on mechanical properties 
is more pronounced when clay loading increased beyond 2%.  
 
Table 4.8. Average values of mechanical properties of neat epoxy and nanocomposites 
(NC) containing different clay loading. 
Sample 
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S
ta
n
d
a
rd
 D
ev
ia
ti
o
n
 
Modulus of 
Elasticity 
(GPa) 
S
ta
n
d
a
rd
 d
ev
ia
ti
o
n
 
Fracture 
Strain 
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Neat Epoxy 80 0.74 2.54 0.06 6.02 0.22 
NC 1 % Clay 85.64 0.56 2.69 0.08 5.18 0.28 
NC 2 % Clay 79.1 0.76 2.85 0.11 4.83 0.34 
NC 3.5 % Clay 71.42 1.74 3.11 0.09 3.5 0.26 
NC 5 % Clay 57 4.5 3.44 0.07 1.77 0.18 
NC 10 % Clay 61.05 9.5 3.61 0.08 1.99 0.44 
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Figure 4.31. Representative stress-strain curves for neat epoxy and nanocomposites 
containing different clay loading.  
 
 
Figure 4.32. Variations of tensile strength for neat epoxy and nanocomposites with clay 
loading. 
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Figure 4.33. Micrographs of tensile fracture surface for the nanocomposite containing 5% 
of clay loading illustrating that the crack was initiated at micro-void. 
 
 
Figure 4.34. Variations of modulus of elasticity and fracture strain for neat epoxy and 
nanocomposites with clay loading. 
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4.4.4 Fractographic Analysis of the Tensile Fracture Surfaces 
Morphological characteristics of the fracture surfaces of neat epoxy and nanocomposites 
fractured under tensile loading were investigated using SEM. The morphological 
examination of the fracture surface was performed to arrive at an understanding of the 
materials toughness, cracks initiation and propagation and the extent and nature of clay 
distribution and dispersion within the epoxy matrix; which in turn controls the physical 
and mechanical properties of the resultant nanocomposites.  
 
Figure 4.35 illustrates the SEM micrographs of the fracture surfaces of neat epoxy at 
different locations and magnifications. From the fracture surface of pristine epoxy 
(Figure 4.35-a) two distinct regions can be identified (A and B); each showing a different 
fracture feature. The crack was first initiated at the beginning of region A, as load was 
applied during testing this crack started to advance at slow rate in region A and hence the 
surface in this region has smooth appearance as shown in Figure 4.35(b). Once the crack 
reaches critical size at the end of region A, it propagated at high rate and resulted in a 
coarse surface at region B as illustrated in Figure 4.35(c). This particular region which 
consists of dimple like feature dominates the fracture process. A high magnification 
(x2000) of fracture surface at region B (Figure 4.35-d) reveals a very smooth surface 
characterizing brittle material fracture observed from stress strain behavior (Figure 4.31). 
 
Comparing micrographs of neat epoxy and nanocomposites containing different clay 
loading as illustrated in Figure 4.36, demonstrates that the fracture surfaces of the 
nanocomposites are rough corrugated surfaces displaying a marked departure from the 
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smoother brittle cleavage type fracture for neat epoxy; similar trends have been reported 
by other studies [50,59]. The roughness of the fracture surfaces is an indicator of a 
tortuous crack propagation path. This tortuous path could be attributed to the change of 
the crack direction as a result of the presence of clay in crack path resulting in crack 
retardation and higher fracture toughness as observed by a number of researchers 
[5,32,47,52,59]. The rougher fracture surfaces of nanocomposites are indication of higher 
plastic deformation and hence more energy absorbed during crack propagation. As clear 
from Figure 4.36, the degree of surface roughness was increased with raising the clay 
loading. 
 
The effect of nanoclay addition on the fracture surface morphology was investigated for 
nanocomposites samples containing 1%, 2%, 3.5%, 5% and 10% and their SEM images 
are shown in Figures 4.37 to 4.41. These fractographs reveal that during the tensile test of 
the nanocomposites, the cracks were often initiated at agglomerated clay clusters and 
sometimes at micro-voids. This is clear from the magnified micrographs at the crack 
initiation, micrographs (b) in Figures 4.37 to 4.39 which show that the cracks were 
initiated at agglomerated clay clusters, whereas, Figure 4.40(a) illustrates that the crack 
was initiated at micro-void. As has been discussed in previous section, the points of clay 
aggregates and micro-voids are points of stress concentrations where cracks can initiate. 
During the crack propagation the crack tip tends to breaks the agglomerated clay clusters 
and propagates ahead indicating good adhesion between clay and epoxy matrix as shown 
in Figure 4.42 which agreed well with the results obtained from TEM images.   
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As illustrated from micrographs (d) in Figures 4.37 to 4.41, the sizes of the agglomerated 
clay clusters are increasing with raising clay loading. This can explain the reason why the 
strength of nanocomposites was decreased with increasing the nanoclay loading. Figure 
4.37 displays the SEM images of 1 % clay loading nanocomposite, which illustrates that 
while majority of the clay aggregate have sizes of about 10 μm the sizes of the largest 
agglomerated clay clusters are about 25 μm. For the nanocomposites containing 2% and 
3.5 % of clay loading the sizes of the largest agglomerated clay clusters are about 30 μm 
and 40 μm as shown in micrographs (d) in Figures 4.38 and 4.39; respectively. When the 
clay loading increased to 5 % and 10 % the sizes of the largest agglomerated clay clusters 
are increased to 60 μm and 80 μm as displayed in Figure 4.40(d) and Figure 4.41(d); 
respectively. To ensure that those agglomerated cluster are indeed clay aggregates, 
energy dispersive spectroscopy (EDS) was used to identify and determine the elemental 
composition of these clusters. Figure 4.43 displays SEM image of nanocomposite 
containing 2% of clay loading including an expected agglomerated clay cluster. Table 4.9 
lists the components of all spectra shown in Figure 4.43, which shows only spectrum 2 
which includes the suspected clay aggregate contains 35.74 % Si proving that it is 
agglomerated clay cluster. 
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Figure 4.35. SEM fractographs of neat epoxy (a) showing crack initiation and 
propagation (Х100), (b) initiation site (X500), (c) propagation region (Х600)  
and (d) propagation region (X2000). 
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Figure 4.36. SEM fractographs (X2000) of (a) neat epoxy and nanocomposite with 
different clay loading (b) 1 %, (c) 2 %, (d) 3.5 %, (e) 5 % and (f) 10 %. 
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Figure 4.37 SEM fractographs of nanocomposite containing 1 % nanoclay (a) crack 
initiation and propagation (Х100), (b) initiation site (Х600), (c) propagation region 
(Х600) and (d) propagation region (Х2000). 
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Figure 4.38. SEM fractographs of nanocomposite containing 2 % nanoclay (a) crack 
initiation and propagation (Х100), (b) initiation site (Х600), (c) propagation region 
(Х600) and (d) propagation region (Х2000). 
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Figure 4.39. SEM fractographs of nanocomposite containing 3.5 % nanoclay (a) crack 
initiation and propagation (Х100), (b) initiation site (Х600), (c) propagation region 
(Х600) and (d) propagation region (Х2000). 
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Figure 4.40. SEM fractographs of nanocomposite containing 5 % nanoclay (a) crack 
initiation and propagation (Х100), (b) initiation site (Х600), (c) propagation region 
(Х600) and (d) propagation region (Х2000). 
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Figure 4.41. SEM fractographs of nanocomposite containing 10 % nanoclay  
(a) crack initiation and propagation (Х100), (b) initiation site (Х600),  
(c) propagation region (Х600) and (d) propagation region (Х1000). 
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Figure 4.42. SEM fractographs of nanocomposite illustrating good adhesion between 
clay clusters and epoxy matrix.  
 
 
Figure 4.43. SEM image of nanocomposite having clay aggregate used for EDS analysis.  
 
Table 4.9. Elemental composition for the different spectra shown in Figure 4.43. 
Spectrum C % O % Mg % Al % Si % Fe % Total % 
Spectrum 1 25.24 74.76     100.00 
Spectrum 2 14.01 35.10 2.14 10.92 35.74 2.08 100.00 
Spectrum 3 35.88 64.12     100.00 
Spectrum 4 42.86 57.14     100.00 
Spectrum 5 38.05 61.95     100.00 
 a b 
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4.5 Nanocomposites Fabricated with Different Clay Type  
The work discussed in earlier sections concerned I.30E clay and its effect on 
microstructure and mechanical and thermal properties of epoxy. In this section, the effect 
of clay types on the above mentioned properties of the resultant nanocomposites prepared 
by high shear mixing is investigated. In addition to I.30E clay, three types of nanoclay 
were utilized to prepare nanocomposites, namely: I.28E, C10A and C15A. All these four 
types of nanoclay are modified montmorillonite clay with different types of organic 
modifiers as listed in section 3.2.2.  
 
4.5.1 Clay Type Effect on Glass Transition Temperature 
The variation of Tg for nanocomposites containing 2% of nanoclay with the clay types is 
illustrated in Figure 4.44, which shows that the nanocomposite prepared with C15A 
nanoclay has the highest Tg, while the nanocomposite containing C10A has the lowest Tg. 
As explained earlier, the reduction in nanocomposite Tg may be attributed to the 
reduction in the crosslinking density due to barrier effect of clay layers. As will be shown 
later, C10A has the highest aspect ratio and hence the highest barrier effect resulting to 
the lowest Tg. As can be seen in Figure 4.44, the glass transition temperatures for 
nanocomposites containing I.30E and C10A were lower than that of the neat epoxy. 
However, Tg for the nanocomposite fabricated with I.28E was the same as that of neat 
epoxy while the Tg of the nanocomposite containing C15A was higher than that of neat 
epoxy. These results are in agreement with those reported by Xidas and Triantafillidis 
[9]. The increase or decrease in the Tg for nanocomposites can be mainly attributed to the 
difference in the organic modifiers [9,89].   
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Figure 4.44. Tg for neat epoxy and nanocomposites (NC) containing 2% of different types 
of nanoclay.  
 
4.5.2 Microstructure Examination  
XRD was used to determine the d-spacing for these nanoclay powders before mixing 
them with epoxy. The changes of the intensity with the diffraction angle for the four 
types of clay powder are illustrated in Figure 4.45.  The values of diffraction angles and 
the d-spacings for the four types of nanoclay listed in Table 4.10 reveal that C15A has the 
highest d-spacing of 2.923 nm while C10A has the lowest d-spacing of 1.945 nm. As 
expected the d-spacing for I.28E clay is higher than that for I.30E clay since the organic 
modifier for I.28E clay is quaternary octadecyl ammonium while that for I.30E is primary 
octadecyl ammonium. Similarly, the d-spacing for C15A clay is higher than that for 
C10A clay since the organic modifier for C15A clay contains two hydrogenated tallows 
while that for C10A has one hydrogenated tallow. 
 
 128 
After high shear mixing, the XRD curves for the nanocomposites containing 2% of these 
four types of nanoclay are illustrated in Figure 4.46. As can be seen from the figure, no 
peak was observed for the nanocomposite fabricated using I.30E nanoclay while the 
diffraction angles at the peaks for other nanocomposites have been shifted to the left 
indicating increase in the d-spacing. As explained earlier, this increase in the d-spacing 
can be attributed to the entrance of epoxy into the intergallery between clay layers during 
mixing. Table 4.11 lists the diffraction angles and the d-spacing for the nanocomposites 
prepared with different types of nanoclay. As mentioned previously, the absence of the 
peak in the nanocomposite containing I.30E is a result of exfoliated and disordered 
intercalated morphology with d-spacing ranging between 3 to 15 nm. The highest d-
spacing for the other nanocomposites is obtained for the nanocomposite prepared using 
C15A nanoclay by about 3.8 nm followed by that fabricated with I.28E nanoclay. 
Although the nanocomposite synthesized with C10A nanoclay has the lowest d-spacing 
(about 3.11 nm) it showed the highest increase in the d-spacing after mixing; going from 
19.45 Å for clay powder to 31.08 Å for nanocomposite.  
 
In addition to the mixing technique the improvement in the nanocomposites 
morphologies after mixing depends on the type of the organic modifier that was used to 
change the clay from being organophobic to organophilic. Using large organic modifier 
leads to higher enhancement in the d-spacing during the modification but large size of 
organic modifier hinders the diffusion of epoxy monomer into the intergallery of clay 
layers during mixing of organoclay with epoxy. This is clear by comparing the d-spacings 
before and after mixing (Tables 4.10 and 4.11), even though C15A powder has the 
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highest d-spacing since it has been modified with large organic modifier, quaternary 
dimethyl dihydrogenated tallow ammonium, its nanocomposite has the lowest 
enhancement in the d-spacing after mixing. However, the nanocomposite prepared with 
I.30E which has been modified with primary octadecyl ammonium has the highest 
enhancement in the d-spacing. In addition to the size of the organic modifier, the 
improvement in the nanocomposites is also related to the affinity between the organic 
modifier and the epoxy monomer.   
 
Figure 4.47 shows TEM micrographs for the nanocomposites fabricated with the four 
types of nanoclays (I.30E, I.28E, C10A and C15A). As can be seen in the figure, the 
morphology of nanocomposite containing I.30E is exfoliated and disordered intercalation 
while the nanocomposites prepared with other types of clay showed ordered intercalated 
morphologies. As indicated in these micrographs the d-spacing for the ordered 
intercalation is in the range of 3 to 4 nm supporting the results obtained from XRD.  
 
Table 4.10. Diffraction angles and d-spacings for the four types of clay powders. 
Type of Clay Diffraction Angle (
o
) d-spacing (Å) 
I.30E 4 22.07 
I.28E 3.6 24.52 
C10A 4.54 19.45 
C15A 3.02 29.23 
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   (a) 
 
     (b) 
Figure 4.45. X-ray diffraction spectra for different types of clay powders (a) over the full 
spectrum and (b) in the range of 2θ = 2 to 10o. 
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Figure 4.46. X-ray diffraction spectra for nanocomposites (NC) containing 2% of 
different types of nanoclay. 
 
Table 4.11. Diffraction angles and d-spacings for the nanocomposites containing 2% of 
different clay types. 
Nanocomposite Diffraction Angle (
o
) d-spacing (Å) 
NC using I.28E 2.54 34.75 
NC using C10A 2.84 31.08 
NC using C15A 2.32 38.05 
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Figure 4.47. TEM micrographs for nanocomposite containing 2 % of (a) I.30E, (b) I.28E, 
(c) C10A  and (d) C15A nanoclays. 
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4.5.3 Tensile Test and Fractographic Analysis of Nanocomposites 
Containing Different Clay Types 
The representative stress-strain curves for neat epoxy and nanocomposites containing 2% 
of different clay types are displayed in Figure 4.48. Table 4.12 lists the average values 
and standard deviations of tensile strength, modulus of elasticity and fracture strain of 
neat epoxy and nanocomposites. The clay type effects on the tensile strength of the 
nanocomposites are illustrated in Figure 4.49, which showed that the tensile strength of 
the nanocomposite prepared with I.30E clay has the highest strength (about 79.1 MPa) 
followed by the nanocomposite containing C15A clay. As can be seen in the figure, the 
nanocomposite synthesized using C10A and I.28E have low values of tensile strength; in 
comparison with the strength of neat epoxy the reduction are 38 and 30%, respectively.  
 
The main reason behind this reduction in tensile strength for the nanocomposites 
containing C10A and I.28E clay is the entrapped voids in the resultant nanocomposites as 
illustrated from the SEM micrographs of the tensile fracture surfaces shown in Figure 
4.50. As can be seen in the figure, for the nanocomposites fabricated with C10A and 
I.28E the cracks are initiated at entrapped voids, their sizes are about 70 and 140 μm, 
respectively. However, for nanocomposites containing I.30E and C15A the cracks were 
initiated at clay aggregates. The majority of these voids may have been generated during 
the mixing process of hardener with the mixture of clay and epoxy monomer. It was 
observed during the preparation of nanocomposite containing C10A clay that the mixture 
viscosity increased once the hardener was added and hence a lot of voids were created. 
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The increase in the mixture viscosity after hardener addition for nanocomposite 
containing C10A clay can be attributed to premature crosslinking.    
 
The modulus of elasticity for neat epoxy and nanocomposites prepared with different clay 
types shown in Figure 4.51 reveals that the moduli of elasticity for all nanocomposites 
are higher than that of the neat epoxy. The highest modulus of elasticity is for the 
nanocomposites fabricated using C10A clay, which can be attributed to the high aspect 
ratio of the clay for the nanocomposite fabricated with C10A observed through TEM 
micrographs as shown in Figure 4.52.  It is also noted that the clay distribution in the 
nanocomposite containing C10A nanoclay is better than the clay distribution in other 
nanocomposites as shown from TEM images in Figure 4.53. As illustrated in the figure, 
the sizes of clay aggregates for the nanocomposite containing C10A are small indicating 
less number of clay tactoids in each clay aggregates. This also explains the high surface 
roughness for the nanocomposite prepared with C10A observed from the SEM 
micrographs as illustrated in Figure 4.54. The figure shows that the nanocomposite 
containing C10A clay has the highest roughness followed by the nanocomposite prepared 
with I.30E. However, the fracture surfaces of the nanocomposites containing I.28E and 
C15A clay have lower roughness than others indicating lower fracture toughness.  
 
The fracture strain for nanocomposites containing different clay type displayed in Figure 
4.55 shows that the highest fracture strain is for neat epoxy and the lowest is for 
nanocomposite containing C10A clay. As mentioned previously, the voids in the resultant 
nanocomposite prepared using C10A clay cause premature failure of the specimens 
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during tensile testing. Within the nanocomposite the highest fracture strain is for the 
nanocomposite synthesized using I.30E clay followed by nanocomposite containing 
C15A clay.     
 
Figure 4.48. Representative stress-strain curves for neat epoxy and nanocomposites 
containing 2% of different types of clay. 
 
Table 4.12. Average values of mechanical properties of neat epoxy and nanocomposites 
(NC) containing 2% of different types of nanoclays. 
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Neat Epoxy 80 0.74 2.54 0.06 6.02 0.22 
NC I.30E 79.1 0.76 2.85 0.11 4.83 0.34 
NC I.28E 55.37 8.1 2.86 0.07 2.49 0.44 
NC C10A 49.84 5.09 3.09 0.11 1.83 0.14 
NC C15A 77.88 1.68 2.96 0.05 4.56 0.17 
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Figure 4.49. Tensile strengths for neat epoxy and nanocomposites containing 2% of 
different types of clay. 
 
    
    
Figure 4.50. SEM fractographs showing crack initiation and propagation for 
nanocomposites having 2 % of (a) I.28E, (b) C10A, (c) I.30E and (d) C15A. 
 a 
d c 
b 
 microvoids 
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Figure 4.51. Moduli of elasticity for neat epoxy and nanocomposites prepared with 
different types of clay. 
 
 
    
Figure 4.52. Comparison of TEM micrographs of nanocomposites containing 2 % of (a) 
C10A and (b) I.30E clay illustrating the difference in the aspect ratio of clay. 
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Figure 4.53. Comparison of TEM micrographs of nanocomposites containing 2 % of (a) 
I.30E, (b) I.28E, (c) C10A  and (d) C15A nanoclays. 
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Figure 4.54. SEM fractographs of nanocomposites containing 2 % of (a) I.30E, (b) I.28E, 
(c) C10A  and (d) C15A nanoclays. 
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Figure 4.55. Fracture strains for neat epoxy and nanocomposites containing 2% of 
different clay types. 
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c 
b 
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4.6 Effect of Mixing Technique on the Resultant Nanocomposites  
As have been mentioned previously, the morphology of the resultant nanocomposite 
depends on the mixing method used to disperse clay into epoxy matrix. In this section, 
nanocomposites synthesized by high shear mixing (HSM); sonication (SC), high shear 
with sonication (HSM&SC) and hand mixing (HM) are analyzed to assess the effect of 
mixing technique on their thermal and mechanical properties. I.30E nanoclay with 2% 
and 5% is used as filler.  
 
4.6.1 Effect of Mixing Technique on Glass Transition Temperature 
The glass transition temperatures for nanocomposites containing 2 and 5% of clay 
loading prepared with different mixing techniques are shown in Figure 4.56. As can be 
seen from the figure, the effect of mixing technique on the glass transition temperature 
and hence on the degree of crosslinking is negligible. All the nanocomposites containing 
2% of clay loading that have been fabricated using high shear, sonication and high shear 
with sonication have almost the same Tg, 148
o
C. In the three mixing approaches, 
increasing the clay loading from 2 to 5% led to decrease in crosslinking density as 
indicated by the reduction of Tg from 148
o
C to about 141
o
C for nanocomposites 
containing 5% of clay loading.  
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Figure 4.56.  Tg for nanocomposites containing 2 and 5% of I.30E nanoclay fabricated 
using different mixing techniques 
 
4.6.2 Microstructure Examination  
Figures 4.57 (a) and (b) illustrate the XRD results for the nanocomposites containing 2 % 
and 5% of I.30E nanoclay prepared using different mixing techniques. As can be seen in 
these figures, no peak is present in the curves of samples fabricated using HSM and 
HSM&SC indicating exfoliated and disordered intercalated morphology as explained 
previously. However the nanocomposites prepared using sonication showed peaks at 
about 3.26 and 3.3
o
 for 2 and 5 % clay loadings, respectively. This means that the 
resultant morphology for the samples fabricated using sonication is intercalation with d-
spacing of 2.7 and 2.68 nm for 2 and 5 % clay loading, respectively. This outcome could 
indicate that HSM is more effective than sonication in the dispersion of nanoclay in 
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epoxy. For the sample prepared using hand mixing the peak is at about 3.56
o
, hence the 
d-spacing is 2.48 nm. This small increase in the d-spacing for the sample fabricated using 
hand mixing from 2.2 nm of clay powder to 2.48 nm after mixing can be mainly 
attributed to the diffusion of some epoxy molecules into the intergallery spacing between 
clay layers.   
 
Further investigation of the effect of mixing techniques on the resultant morphology was 
performed using TEM. Figure 4.58 shows TEM micrographs at low magnification for 
nanocomposites containing 2% of I.30E nanoclay fabricated with different mixing 
methods. As can be seen in the figure, the samples prepared with HSM and HSM&SC 
have almost the same degree of clay dispersion which seems better than that for sample 
fabricated with sonication. However the sample prepared by hand mixing shows very bad 
dispersion of clay within the epoxy matrix where all clay are agglomerated in large 
clusters which provide clear evidence that hand mixing is ineffective in dispersing the 
nanoclay in the epoxy matrix. In fact, hand mixing is unable to generate the forces 
needed to overcome the attraction forces between clay.  
 
High magnified TEM images shown in Figure 4.59 illustrate the disordered intercalated 
morphology with some exfoliation for the nanocomposites fabricated with HSM and 
HSM&SC explaining the absence of peaks in the XRD spectra for these nanocomposites. 
Whereas ordered intercalated morphology is apparent (Figure 4.59-b) for nanocomposites 
synthesized by sonication. Similarly, some degree of intercalation has been achieved for 
the sample prepared by hand mixing (Figure 4.59-d) supporting the outcome of the XRD 
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results. As indicated by the circles in Figure 4.59(c), some of clay layers seem to have 
been broken during the HSM&SC process. 
 
To further examine the effectiveness of the combined HSM&SC mixing method the order 
of sequence of the two techniques was reversed. Another nanocomposite was fabricated 
starting with sonication followed by high shear mixing. The results of XRD and TEM 
analyses showed that the mixing sequence does not have much effect on the morphology 
of nanocomposite. Comparison of TEM micrographs and XRD curves for 
nanocomposites prepared with HSM and samples prepared with HSM&SC showed that 
the enhancement in the nanoclay dispersion as a result of SC after HSM is small. The 
above finding provides clear evidence that high shear mixing is more effective in clay 
dispersion than sonication and the additional sonication after high shear mixing has a 
negligible effect on the microstructure of the resultant nanocomposites. 
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(a) 
 
(b) 
Figure 4.57. X-ray diffraction spectra for nanocomposites containing (a) 2 % and (b) 5% 
of I.30E nanoclay prepared with different mixing techniques. 
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Figure 4.58. TEM images for the nanocomposites containing 2 % of I.30E nanoclay 
prepared using (a) high shear missing, (b) sonication, (c) high shear and sonication and 
(d) hand mixing. 
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Figure 4.59. Higher magnification TEM micrographs for nanocomposites containing 2 % 
of I.30E nanoclay prepared using (a) high shear missing, (b) sonication, (c) high shear 
and sonication and (d) hand mixing. 
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4.6.3 Effect of Mixing Technique on Mechanical Properties and 
Fracture Surface 
Figure 4.60 displays representative stress-strain curves for neat epoxy and 2% 
nanocomposites prepared with different mixing techniques. Table 4.13 lists the average 
values and standard deviations of tensile strength, modulus of elasticity and strain at 
fracture for these nanocomposites and Figures 4.61 to 4.63 show a comparison of these 
mechanical properties. These results show that among the mixing techniques considered 
in this study HSM results in the optimum mechanical properties as a whole while HM, as 
expected, yielded the worst results.  
 
As illustrated from the SEM micrographs shown in Figure 4.64, the reduction in tensile 
strength and fracture strain for the sample prepared by HM can be attributed to the large 
size of clay clusters (about 300 µm) which act as stress risers leading to premature 
failure. However, for nanocomposites fabricated by HSM, SC and HSM&SC the largest 
clay clusters are found to be about 30, 40, 20 µm, respectively. The higher values of 
fracture strain and strength obtained for HSM and HSM&SC directly related to the size 
of these clusters. Comparable fracture surface roughness is shown for HSM and 
HSM&SC (Figure 4.65-a&c) while that for SC and HM display lower roughness (Figure 
4.65-b&d). Other than the presence of clay aggregates the fracture surface of the sample 
prepared by HM is similar to that of neat epoxy. This indicates that the enhancement in 
the fracture toughness of the nanocomposites synthesized by HSM and HSM&SC is 
higher than that fabricated by SC, whereas, the fracture toughness of the sample prepared 
by HM is comparable to that of neat epoxy.  
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Figure 4.60. Representative stress-strain curves for neat epoxy and nanocomposites 
containing 2 % of I.30E clay prepared using different mixing techniques. 
 
Table 4.13. Tensile properties of neat epoxy and nanocomposites prepared using different 
mixing methods.  
Sample 
Tensile 
Strength 
(MPa) S
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Neat Epoxy 80 0.74 2.54 0.06 6.02 0.22 
HSM 79.1 0.76 2.85 0.11 4.83 0.34 
SC 75.75 1.14 2.85 0.06 4.46 0.38 
HSM & SC 75.5 1.52 2.85 0.08 5.07 0.50 
HM 72.5 1.32 2.84 0.09 3.97 0.26 
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Figure 4.61. Comparison of tensile strength for neat epoxy and nanocomposites 
containing 2% of I.30E clay prepared using different mixing techniques. 
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Figure 4.62. Comparison of modulus of elasticity for neat epoxy and nanocomposites 
containing 2% of I.30E clay prepared using different mixing techniques. 
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Figure 4.63. Comparison of fracture strain for neat epoxy and nanocomposites containing 
2% of I.30E clay prepared using different mixing techniques. 
 
    
 
     
    
Figure 4.64. SEM fractographs for 2% nanocomposites prepared by (a) HSM (Х2000), 
(b) SC (Х3000),  (c) HSM&SC (Х2000) and (d) HM (Х300). 
  c    d 
  a b 
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Figure 4.65. SEM fractographs (Х2000) of nanocomposites containing 2 % of I.30E clay 
synthesized by (a) HSM (b) SC, (c) HSM&SC and (d) HM. 
 
4.7 Water-Uptake and Oil Ingress in Epoxy and Nanocomposites 
4.7.1 Experimental Measurements 
The variation of the percent weight gains with the square root of exposure time in water 
for neat epoxy and nanocomposites containing different clay loadings of I.30E clay 
prepared by HSM are shown in Figure 4.66. The percent of weight gain that is considered 
as a measure of the water uptake is calculated using the following equation: 
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 152 
Where M and M0 are respectively the instantaneous and initial weights of exposed 
specimens, and Mt is the relative weight gain at a given time t.  
 
As can be seen in Figure 4.66, the weight gain first increased linearly with the square root 
of time (h
1/2
) indicating a diffusion controlled process. The weight gain then exhibits 
asymptotic approach up to saturation. As indicated in the figures, the water uptake 
behavior during the first 40 days is diffusion controlled; hence the diffusion constants for 
both neat epoxy and nanocomposites have been calculated using the solution of Fick‟s 
law for short time according to the following equation [90]: 
2
/
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ht
MM
D st

                         (4.2) 
Where Ms represents the relative weight gain at saturation, h is the specimen thickness 
(mm), t is the exposure time (s), and D is the diffusion coefficient (mm
2
/s). 
 
The maximum water uptake and the diffusion constant for the neat epoxy and 
nanocomposites containing different clay loadings are listed in Table 4.14. As indicated 
in the table, the nanoclay addition led to an enhancement of the barrier properties of 
epoxy matrix and the diffusivity decreased by about 51%; from 2.71 × 10
-7
 (mm
2
/s) for 
the neat epoxy to 1.32 × 10
-7
 (mm
2
/s) for the nanocomposite containing 1% of clay 
loading. This reduction in the diffusivity can be attributed to the tortuosity effect where 
water molecules have to move around clay layers during the diffusion within the 
nanocomposites. The variation of diffusion constant and maximum water uptake with 
nanoclay loading are shown in Figure 4.67, which illustrate that the decrease in the 
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diffusivity is small when the clay loading increased beyond 1% and small increase in the 
diffusivity is observed for the nanocomposite containing 5% of clay loading. This can be 
attributed to the difficulty faced during the preparation of the nanocomposites containing 
5 and 10% of clay loading, where the mixture of the nanoclay and epoxy could not 
properly be degassed due to the high increase in the viscosity of the epoxy-clay mixture.  
 
Similarly, the maximum water uptake reduced with nanoclay addition and decreased 
from 2.196 % for neat epoxy to 1.718 % for nanocomposite containing 5 % of clay 
loading as shown in Figure 4.67. As can be seen in the figure, increasing the nanoclay 
loading up to 5 % led to decrease the maximum water uptake,  however, noticeable 
increase in the maximum water uptake is observed for the nanocomposite containing 10 
% of clay loading, which can be attributed to the presence of more voids as illustrated 
from the TEM micrographs shown in Figure 4.30. In fact, it was difficult to completely 
degas the mixture of epoxy and nanoclay after high shear mixing for the sample 
containing 10 % of clay loading due to high viscosity of the mixture resulted from the 
high clay loading. The decrease in the maximum water uptake and diffusivity due to clay 
addition have been reported by Liu et al. [76], however, Manfredi et al. [37] found that 
the clay addition led to increase the maximum water uptake of glass fibre/epoxy 
composites. Becker et al. [18] showed that while the maximum water uptake decreased as 
a result of clay addition, the diffusivity increased.   
 
Figure 4.68 shows the change in the weight gains percent of neat epoxy and 
nanocomposites containing different clay loadings with the square root of exposure time 
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in crude oil. As can be seen in the figure, oil ingress rate and maximum uptake decreased 
with increasing the clay loading. The observed fluctuation in some of the results may be 
due to the difficulty in achieving completely dried specimens during weight gain 
measurement or may be attributed to desorption and sorption of oil molecules. The 
variation of weight gains with square root of time do not exhibit linear behavior even at 
the first period of the exposure time, which suggests that oil uptake in epoxy and 
nanocomposites is not purely diffusion controlled. The high increase in oil uptake during 
the first day may be attributed to the affinity between epoxy and oil; since the epoxy 
matrix is organophilic. As illustrated in Figures 4.66 and 4.68, crude oil ingress in epoxy 
and nanocomposites is a lot lowered than that of water, which may be related to the large 
size of organic molecules of crude oil as compared to those of water. Unlike water 
uptake, where the samples took 260 days for saturation, the samples in crude oil seem to 
have reached saturation within only 66 days.  
 
 
Table 4.14. Maximum water uptake and diffusivity of neat epoxy and nanocomposites. 
Sample Maximum Water Uptake (%) Diffusivity (mm
2
/s) 
Neat Epoxy 2.196 2.71 × 10
-7
 
NC containing 1% of Clay 2.025 1.32 × 10
-7
 
NC containing 2% of Clay 1.975 1.2 × 10
-7
 
NC containing 5% of Clay 1.718 1.3 × 10
-7
 
NC containing 10% of Clay 1.94 0.99 × 10
-7
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Figure 4.66. Change of percent weight gains for neat epoxy nanocomposites with square 
root of exposure time in water. 
 
Figure 4.67. Variation of diffusivity and maximum weight gain with nanoclay loading. 
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Figure 4.68. Change of percent weight gains for neat epoxy and nanocomposites with 
square root of exposure time in crude oil. 
 
4.7.2 Modeling of Water-Uptake 
Different approaches have been introduced to model the diffusion mechanism of water in 
polymers and polymer nanocomposites. Fickian model is commonly used for simple 
single-free-phase diffusion, due to its simplicity. However, it has been observed that 
diffusion of water in some polymers and nanocomposites does not follow Fickian model. 
For these anomalous “non-Fickian” polymeric nanocomposites the Langmuir-type model 
for diffusion (LMD) has been proposed. This model assumes that some absorbed water 
molecules are bound and other molecules are mobile [91]. The applicability of these two 
models to the present results is investigated hereafter.  
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4.7.2.1. Fick's Model 
Moisture absorption is generally considered to be independent of moisture concentration, 
hence water diffusion in epoxy matrix can be represented by Fick‟s second law with a 
constant diffusivity, D, which describes the non-steady state diffusion of a substance in 
the Cartesian coordinate, x, y and z [90]: 
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where c is the concentration of the diffusing substance, and t is time. For one-dimensional 
diffusion through an infinite plate of thickness, h, Equation (4.3) can be reduced to: 
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Upon solving Equation (4.4) with the following boundary conditions:  c = 0  when  t = 0, 
0 ≤ x ≤ h; c = c∞ when t > 0, x = 0, x = h; and əc/əx = 0 when x = 0, t > 0, the relative 
moisture uptake is expressed as [90]: 
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where Mt and Ms are the relative weight gains at time t and at saturation, respectively, and 
D and h are diffusion coefficient and sample thickness, respectively. The solution can 
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then be reduced for short times to the following equation during the initial stage of 
diffusion [90]: 
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4.7.2.2. Langmuir Model of Diffusion (LMD) 
The Fickian model assumed that all water molecules are free and diffuse through the 
polymer. However, in Langmuir model water is considered to exist in two groups: one 
accounts for free molecules diffusing in the matrix and the other for trapped molecules. 
At a specific time and place in a polymer, there are some of free molecules diffusing 
within the polymer with a diffusivity D that become linked or trapped in the polymer 
with a probability γ while some of the hindered molecules become mobile with a 
probability α. According to this model, the relative moisture can be expressed as follows 
[90]:  
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Figure 4.69 shows the variation of weight gain of neat epoxy specimen with h
1/2
 where 
Fickian fit curve based on Equation (4.5) is superimposed using MATLAB program [92]. 
The value of diffusivity is 2.71 x 10
-7
 mm
2
/s which is calculated based on Equation (4.2). 
As can be seen in the figure, the diffusion and water absorption of neat epoxy appear to 
follow the Fickian model and the agreement between the experimental measurements and 
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numerical is very good. However, the water uptake behavior of nanocomposites could not 
be fitted properly using Fickian model as illustrated in Figure 4.70. As can be seen from 
the figures, increasing the nanoclay loading (up to 5%) led to enlarge the divergence 
between the experimental data and the Fickian model. The divergence between the 
experimental data of the nanocomposites and the Fickian model started at the end of the 
linear parts where the relation between the weight gain (%) and h
1/2
 showed asymptotic 
change up to saturation. Therefore, the LMD model is used to fit the experimental data, 
Figure 4.70 shows a comparison between LMD fit curves based on Equation (4.7), 
Fickian model and experimental data. Excellent agreements between the results predicted 
by LMD and experimental data are achieved. Again MATLAB software is employed to 
determine the values of probabilities of binding γ, unbinding α, and diffusivity (D) for 
LMD model using a least-square approach and then plot the curves. LMD model has 
been previously used to predict the water uptake behavior of epoxy-clay nanocomposites 
and good agreement has been found between the experimental data and LMD model [76, 
77].  
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Figure 4.69. Variation of percent weight gains with the square root of exposure time in 
water for neat epoxy, experimental data and Fickian fit. 
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Figure 4.70a. Variation of percent weight gains with the square root of exposure time in 
water for nanocomposite with 1% clay loading; comparison of different model. 
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Figure 4.70b. Variation of percent weight gains with the square root of exposure time in 
water for nanocomposite with 2% clay loading; comparison of different model. 
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Figure 4.70c. Variation of percent weight gains with the square root of exposure time in 
water for nanocomposite with 5% clay loading; comparison of different model. 
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Figure 4.70d. Variation of percent weight gains with the square root of exposure time in 
water for nanocomposite with 10% clay loading, comparison of different model. 
 
4.7.3 Effect of Water and Oil Uptake on Glass Transition Temperature 
Table 4.15 lists the Tg values for neat epoxy and nanocomposites containing different 
clay loadings of I.30E nanoclay before exposure and after saturation with water and crude 
oil. Figure 4.71 shows the variation of Tg with clay loading for neat epoxy and 
nanocomposites before and after water and oil exposure. As can be seen in the figure, Tg 
for neat epoxy and nanocomposites have been decreased due to water and oil uptake. 
However, the reduction in Tg for neat epoxy are 20 and 15% due to water and oil uptake, 
respectively, while it is only 12 and 6%, respectively, for the nanocomposites with 1 and 
2 % of clay loading.   
 
The reduction in Tg can be attributed to the plasticizing effect of small uncoupled water 
and oil molecules diffused into epoxy matrix. The reduction in Tg seems to be 
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proportional to maximum weight gain and this explains the small reduction in Tg for 
samples exposed to crude oil compared to those exposed to water. The reduction in Tg for 
neat epoxy is between 20 and 15
o
C for each 1% uptake which agreed with the results 
reported by other studies [28,31,77], however for nanocomposites the reduction is 
between 9 and 6
o
C for each 1% of uptake, irrespective of exposure liquid. The low 
reduction in Tg for nanocomposites can be related to the stiffening effect due to the 
distribution of stiff clay layers in the epoxy matrix.  
 
 
 
 
Table 4.15. Water and oil effect on Tg of epoxy and nanocomposites (NC).  
Sample 
Tg (
o
C) Before 
Exposure 
Tg (
o
C) After 
Exposure to Water  
Tg (
o
C) After 
Exposure to Oil  
Neat Epoxy 152 122 129 
NC 1% of clay  150 132 141 
NC 2% of clay 148 130 139 
NC 5% of clay 141 128 138 
NC 10% of clay 135 125 131 
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Figure 4.71. Tg for epoxy and nanocomposites containing different clay loading before 
and after water and oil exposure. 
 
4.7.4 Effect of Water and Oil Uptake on Mechanical Properties  
Tensile tests were carried out to investigate the effect of water and crude oil uptake on the 
mechanical properties of neat epoxy and nanocomposites. Figure 4.72 shows 
representative stress-strain curves for neat epoxy before and after exposure to water and 
crude oil. As can be seen in the figure, both tensile strength and modulus of elasticity 
decreased as a result of water and oil uptake, however, obvious improvement in fracture 
strains are observed. The reduction in tensile strength and elasticity modulus due to water 
 165 
uptake are about 9 and 4.3%, respectively, while the degradation resulting from oil 
ingress are only 3.7 and 2%, respectively. These reductions are proportional to quantity 
of liquid uptake.  Similarly, the clear increase in fracture strain for the sample immersed 
in water compared with that for the sample immersed in oil can be related to the amount 
of liquid uptake.  
 
The diminution in both the tensile strength and modulus of elasticity and the increase in 
the fracture strain due to water and oil uptake are also observed for the nanocomposites 
containing different clay loading as listed in Table 4.16. The representative stress-strain 
curves for the nanocomposite containing 1% of nanoclay before and after immersion in 
water and crude oil are illustrated in Figure 4.73. As indicated in the figure, the declines 
in strength and modulus due to water and oil uptake for the nanocomposite containing 1% 
of nanoclay are less than that observed for neat epoxy. The decrease in the strength and 
modulus of elasticity due to water uptake for the nanocomposites containing 1% of clay 
are 4 and 3% respectively while the reduction resulted from oil ingress is about 1% as 
illustrated in Table 4.16. However, a clear increase in ductility is observed due to water 
and oil uptake, 26 and 20%, respectively.  
 
The effect of water and oil uptake on the tensile strength of neat epoxy and 
nanocomposites containing different clay loadings are illustrated in Figure 4.74. As can 
be seen in the figure, the reductions in tensile strength resulted from water and oil uptake 
for nanocomposites are less than that for neat epoxy; 9% as compared to 4 and less for 
water. Crude oil ingress caused a reduction of about 4% in pristine epoxy strength, 
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however, the reduction in nanocomposites is less than 2%. For nanocomposites 
containing more than 2% of clay loading, the strength is mainly controlled by microvoids 
in the gauge length of the tensile specimens and thus crude oil and water uptake effect on 
strength are not evident. The variation of tensile strength after exposure with nanoclay 
loading seems to follow a pattern similar to that of glass transition temperature (Figure 
4.71).   
 
The change of the elastic modulus due to water and crude oil uptake for pure epoxy and 
nanocomposites containing different amounts of nanoclay are shown in Figure 4.75. 
These results show an obvious decline in the modulus of elasticity due to water uptake, 
however smaller reduction resulted from oil ingress. The effect of liquid uptake on 
strength and stiffness of epoxy and nanocomposites can be directly related to the amount 
of liquid sorption in the materials; the maximum water uptake is more than double the oil 
ingress. 
 
Figure 4.76 shows the effect of water and oil uptake on the fracture strain for neat epoxy 
and nanocomposites. As indicated in the figure, noticeable increase in fracture strain for 
pristine epoxy and nanocomposites is observed due to both water and oil uptake, where 
the increase resulted from water uptake is higher. For neat epoxy and nanocomposite 
containing 1% of clay there is significant increase in the fracture strain resulted from 
water uptake, about 42 and 34% respectively, while for 2% the increase is only 8%. The 
reduction in strength and modulus and the increase in the fracture strain due to water and 
oil uptake can be attributed to the effect of small water and oil molecules that act as 
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plasticizers in epoxy matrix as well as matrix swelling. For nanocomposites there may be 
a competitive effect between the stiffening introduced by clay layers and plasticizing due 
to liquid molecules.    
 
 
 
 
Figure 4.72. Representative stress-strain curves for neat epoxy before and after exposure 
to water and crude oil.  
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Table 4.16. Effect of water and crude oil uptake on tensile properties of epoxy and 
nanocomposites. 
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Condition 
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Fracture 
Strain 
(%) 
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ta
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ev
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N
ea
t 
E
p
o
x
y
 Before Exposure 80 0.74 2.54 0.06 6.02 0.22 
After Exposure to Water 72.8 0.49 2.43 0.05 8.53 0.52 
After Exposure of Oil 77 1.3 2.49 0.05 7.15 0.87 
N
C
 1
%
 
Before Exposure 85.64 0.56 2.69 0.08 5.18 0.28 
After Exposure to Water 82.2 0.57 2.61 0.05 6.94 0.16 
After Exposure of Oil 84.8 1.62 2.66 0.04 6.67 1.07 
N
C
 2
%
 
Before Exposure 79.1 0.76 2.85 0.11 4.83 0.34 
After Exposure to Water 75.4 0.33 2.76 0.02 5.21 0.18 
After Exposure of Oil 77.4 2.52 2.82 0.02 5.09 0.40 
N
C
 5
%
 
Before Exposure 57 4.5 3.44 0.07 1.77 0.18 
After Exposure to Water 58 8.7 3.20 0.07 2.33 0.21 
After Exposure of Oil 56.8 2.74 3.38 0.09 2.22 0.04 
N
C
 1
0
%
 
Before Exposure 61.05 9.5 3.61 0.08 1.99 0.44 
After Exposure to Water 57.2 11.1 3.34 0.14 2.30 0.58 
After Exposure of Oil 58.4 2.56 3.52 0.16 2.21 0.17 
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Figure 4.73. Representative stress-strain curves before and after exposure to water and 
crude oil for nanocomposite containing 1% of nanoclay. 
 
 
Figure 4.74. Variation of tensile strength with clay loading for neat epoxy and 
nanocomposites before and after exposure to water and crude oil. 
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Figure 4.75. Variation of elastic modulus with clay loading for pristine epoxy and 
nanocomposites before and after exposure to water and crude oil. 
 
Figure 4.76. Variation of fracture strain with clay loading for neat epoxy and 
nanocomposites before and after exposure to water and crude oil. 
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CHAPTER FIVE 
CONCLUSION AND RECOMMENDATIONS FOR 
FUTURE WORK 
 
5.1 Conclusion 
In this study, DGEBA epoxy was reinforced with different types of organoclay to 
synthesize epoxy-clay nanocomposites. The effect of pre-curing and post-curing 
temperatures and durations was first investigated. The results showed that the optimum 
pre-curing and post-curing temperatures were 100
o
C and 170
o
C, respectively, for one 
hour each. The study showed that the degree of curing is more sensitive to the curing 
temperature than the curing time, especially when the curing time exceeds one hour. The 
investigation showed no improvement in the degree of curing for samples that were 
additionally cured at intermediate temperatures. The optimum curing conditions for 
nanocomposites containing 2 wt.% of clay loading were found to be similar to those of 
neat epoxy. 
 
Nanocomposites containing 2 wt.% loading of I.30E clay were then synthesized by high 
shear mixing technique to study the effect of high shear mixing parameters on the degree 
of clay dispersion within epoxy matrix. It was observed that the degree of clay dispersion 
was improved with increasing high shear mixing speed and time. XRD and SEM analyses 
showed that the optimum mixing speed and mixing time were 6000 rpm and 60 min, 
respectively. The size of the largest agglomerated clay cluster decreased from about 50 
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µm for the sample mixed at 2000 rpm to about 15 µm for the sample mixed with 
optimum mixing parameters and majority of clay aggregates have sizes less than 5 µm. 
TEM and XRD analyses showed that the morphology of the resultant nanocomposites 
was dominated by intercalation structure with some exfoliation. The results showed that 
the d-spacing was increased from 2.2 nm for clay powder to about 2.9 nm for the 
nanocomposite synthesized with optimum mixing parameters.  
 
Nanocomposites containing 1, 2, 3.5, 5 and 10 % of I.30E nanoclay were then fabricated 
using optimum high shear mixing parameters to investigate the effect of clay loading on 
the properties of the resultant nanocomposites. The results showed that while the clay 
loading has a very limited effect on d-spacing, the relative intensity increased with 
increasing the clay loading. It was observed that the size of agglomerated clay clusters 
and voids increased with raising clay loading. Having obtained more voids at higher 
nanoclay loading, temperature was increased from 65
o
C to 100
o
C for the first 2 h of the 
10 degassing duration to reduce viscosity of epoxy-clay mixture and hence improve the 
degassing process. In addition to the reduction in the air bubbles, the increase in the 
degassing temperature enhanced nanoclay dispersion as evidenced by XRD and TEM 
analyses; exfoliated and disordered intercalated morphologies were obtained. This 
improvement in nanocomposite morphology was attributed to the diffusion enhancement 
of epoxy monomer into the intergallery spacing between clay layers due to temperature 
rise.  
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The tensile test results showed a 7% improvement in the tensile strength for the 
nanocomposite containing 1% of clay. Higher nanoclay loading resulted in lower tensile 
strength. The reduction in strength with increasing clay loading could be explained by the 
increase in the size of clay aggregates and voids as confirmed by SEM and TEM 
analyses. Therefore nanoclay loading between 1% and 2% is considered to be the 
optimum clay loading. Unlike strength, the modulus of elasticity increased almost 
linearly with clay mainly due to the stiffening effect of the clay layers. It was observed 
through fractographic analysis that fracture surface of neat epoxy has feature of smooth 
cleavage fracture, while nanocomposites displayed rough corrugated surfaces, indicating 
an improvement in the fracture toughness due to clay addition.  
 
In addition to I.30E clay, three types of nanoclays (I.28E, C10A and C15A) were used to 
fabricate nanocomposites by high shear mixing. The results illustrated that the highest 
degree of clay dispersion was achieved for the nanocomposite prepared with I.30E 
nanoclay, which showed exfoliated and disordered intercalated morphologies while the 
morphologies of other nanocomposites were dominated by ordered intercalated structure. 
It was observed that the enhancement in the morphology and mechanical properties of the 
nanocomposites depend mainly on the type and size of organic cations employed to 
modify the clay from being organophobic to organophilic. It seems that using large 
organic modifiers lead to a decrease in the diffusion of epoxy monomer into the 
intergallery of clay layers during mixing of organoclay with epoxy. The tensile results 
showed that the nanocomposite containing I.30E clay has the optimum mechanical 
properties as compared to nanocomposites fabricated using other types of clay.  
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Nanocomposites were then fabricated using different mixing techniques, in addition to 
high shear mixing; ultrasonication, high shear mixing with ultrasonication and hand 
mixing were used. The results showed that the microstructure of the nanocomposites 
synthesized by high shear mixing was better than that prepared by sonication and the 
additional sonication after high shear mixing has negligible effect on the microstructure 
of the resultant nanocomposites. Both nanocomposites fabricated by high shear mixing 
and high shear mixing with sonication showed exfoliated and disordered intercalated 
morphologies while the nanocomposite prepared by sonication has intercalated 
morphology with some exfoliation, which indicates that high shear mixing is more 
effective in clay dispersion than sonication. As expected, the sample prepared by hand 
mixing showed very bad dispersion of clay within the epoxy matrix and all clay were 
agglomerated in large clusters. The tensile tests results showed that among the mixing 
techniques considered in this study high shear mixing has the optimum mechanical 
properties as a whole while hand mixing, as expected, led to the worst results.  
 
It was found that the mixing techniques and mixing parameters used to disperse the 
nanoclay into epoxy matrix have negligible effect on Tg and the increase or decrease in 
Tg and hence on degree of curing depends mainly on the types and concentrations of 
clays used to reinforce the epoxy matrix. The DSC results showed that the addition of 
I.30E clay led to reduction in Tg and this reduction increased with percent of clay 
loading. The addition of C10A nanoclay also reduced Tg, while nanocomposite fabricated 
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using C15A showed an increase in Tg. Negligible effect on Tg was observed for 
nanocomposite containing I.28E nanoclay.  
 
The results of exposure to water showed that the addition of I.30E nanoclay enhanced the 
barrier properties of epoxy matrix and the diffusivity decreased by about 51% for the 
nanocomposites containing 1% clay loading, which is mainly attributed to the increase in 
the tortuous path resulting from the presence of clay layers. The nanoclay addition also 
decreased the maximum water uptake by about 22% for nanocomposite containing 5% of 
clay loading.  The water diffusion into epoxy matrix was found to follow Fikian model, 
however, the diffusion of water within nanocomposites was anomalous and LMD was 
used to simulate water diffusion in nanocomposites. The results showed excellent 
agreements between experimental data and that predicted by LMD. The maximum oil 
ingress also decreased with raising clay loading and the oil uptake for epoxy and 
nanocomposites was less than water uptake owing to the large size of organic molecules 
as compared to water molecules.  
 
The tensile results showed that both tensile strength and elastic modulus decreased as a 
result of water and oil uptake, while noticeable enhancement in fracture strains is 
observed. It was observed that the reduction in strength and modulus and the increase in 
fracture strain are proportional to quantity of liquid uptake. This change on the 
mechanical properties resulted from water and oil uptake can be attributed to the effect of 
the water and oil molecules that act as plasticizers in the epoxy matrix. Tg for neat epoxy 
decreased by 20 and 15% due to water and oil uptake, respectively, however the addition 
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of 1% nanoclay minimized the reduction in Tg to 12 and 6%, respectively. The reduction 
in Tg for epoxy and nanocomposites seems also to be dependant on the amount of liquid 
uptakes.   
 
To summarize, epoxy-clay nanocomposites containing different clay types and loadings 
were fabricated using different mixing techniques. The optimum curing conditions and 
mixing parameters were determined and characterization of nanocomposites was 
performed as set out in the dissertation objectives. The effectiveness of nanoclay in 
improving the barrier properties was investigated and showed that the optimum clay 
loading is between 1 and 2% of I.30E nanoclay. Therefore, it can be concluded that the 
objectives outlined for the present work have been achieved.  
 
5.2 Recommendations for Future work 
Although, using clay to reinforce epoxy matrix and fabricate nanocomposites has been 
investigated for several years, more work is required especially in the techniques used to 
disperse the nanoclay into epoxy. Both high shear mixing and ultrasonication investigated 
in this study did not lead to fully exfoliated morphology. Further investigation on the 
surfactant arrangement in the intergallery and the interaction between organic cationic 
modifiers and the epoxy matrix is required to develop nanocomposites with exfoliated 
morphology. Increasing the d-spacing using special solvent before shear mixing is 
expected to promote exfoliated morphology. As found in this study, increasing the 
degassing temperature produces disordered intercalated morphology and hence additional 
research is required to investigate the effect of temperature on the clay dispersion. More 
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work is also required to study the effect of nanoclay addition on the oil uptake.  This 
study concentrated on the effect of nanoclay addition on the epoxy matrix and the next 
step would be to investigate the effect of nanoclay addition on the fibre glass reinforced 
epoxy composites. The work could be extended using other types of nanoclay and 
hardener to prepare nanocomposites. 
 
As mentioned previously, one of the main difficulties faced during the fabrication of 
epoxy-clay nanocomposites was the degassing step. The micro and nanovoids were the 
main reason behind the reduction in the mechanical properties hence additional work is 
required to improve the degassing process to minimize the void formation which result 
from the bubbles generated during mixing of epoxy monomer with clay and during 
mixing after hardener addition; especially for high clay loading. One way to minimize the 
voids generated during mixing the hardener with epoxy-clay mixture is to conduct the 
mixing in vacuum.  
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